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METAMORPHISM IN CONTACTS OF THE ANAKIT TRAPPEAN
MASSIF ON THE LOWER TUNGUSKA RIVER
by
V. V. Reverdatto
The complex of umsual metamorphogenic calcium silicates formed in the re- '
placement of carbonate rocks low in silica content in contact zones of intru-
sion was first described by F. E. Wright, who established the presence of spur-
rite in association with helenite and hillebrandite in calcite marbles of
Velardena, Mexico [97]. During the half century that has passed since that
time the list of minerals ,gamd under such conditions has grown consider-
ably, and the googrlplwei’ﬂnir discovery has widened markedly, New dis-
coveries of minerals of this associstion were made in Crestmore, California
(76, 77, 80); on Sky, Mack and Rimm Islands, Scotland [75, 91, 98]; in Seot
Hill and Carlingford, Ireland [82-84, 88-90]); in the Iron Mountains and Tres
Hermanas, New Mexico [68, 74]; in the Little Belt Mountains, Montans [86]:
Christmas Mountains, Texas [64]; Tokatoka, New Zesland [787]; Malarajanakandi
Nanjangud, Mysore State, Indis [81]; and in Coammsla, Mexico [87]. The first
discovery of spnrrita-mmiaita marbles in the Soviot Union — at the time it
was the fourth sach diseovery in the world -- was made on the Lower Tunguska |
River in 1935 by V. S, Sobolev, who described the contact traps with carbonate
rocks [48]. Recently, information in the press has appearsd about the dis-
covery of spurrite containing rocks at another point in the Siberian platform
in the basin of the Podkamennaya Tunguska River [29].
An important characteristic of these metamorphic rocks, as established
by a mumber of investigators [48, 62, 76, 77), is their caspacity to form bnly




' at shallow depths and under the influence of sufficiently high temperatures in
exocontact basic sub-igneous intrusions, On the basis of the facts, and
stressing the importance of small pressures in the process of metamorphic min-
eral formation in this group of rocks, D, S. Korzhinskiy, who used certain
thermodynamic computations to obtain equilibrium curves, distinguished the
larnite-merwinite abyssal facies; it included all the contact marbles known at
the time containing larnite, merwinite, spurrite, tilleyite, and others [21].
The Abyssal facies, characterized by somewhat lower temperatures and higher
pressaras. (hypabyssal conditions) was named the helenite-monticellite facies
from the typical minerals which were stable in this condition, P, Eskola in-
cludes both groups of rocks in the sanidinite facies, thereby stressing their
relationship with igneous formations and frequent associations with sanidinite,
mullite, glass and other, Monticellite, spurrite, merwinite and larnite are
regarded by him as critical minerals in the samidinite facies [62, 66), Later,
F. J, Turner distinguished the following two sub-facies in the sanidinite
facies for carbonaceous rocks poor in S10,: 1) the high temperature facies,
and 2) the relatively low temperature facies (at higher pressures), identified
respectively as larnite-merwinite and helenite-monticellite metamorphic abysmal
facies of Korzhinsidy [55]. This division into sub-facies was preserved by
Turner in a rmber of later studies described Jointly by Fife and F, J, Ver-
hoogen [67, 56], In distinguishing the sub-facies these authors were guided
in large neasure by the studies of N, L.ﬂ Bowen dealing with the progressive
metamorphism of silica containing limestones and dolomites [63], using high
temperature reactions for this purpose (8-13 degress) of the Bowen series,

At the present time they distinguish the following: 1) larnite-merwinite-
spurrite sub-facies "corresponding to high temperatures and low pressures,

and characterized by associations containing one of the following minerals:
larnite, merwinite, rankinite, spurrite, tilleyite" [56, page 457], and 2)
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monticellite-melilite sub-facies "corresponding to somewhat lower temperatures
or higher pressures than sub-facies 1" [56, page 4577,

In order to determine precisely the mineral composition and position of
the larnite-merwinite-spurrite sub-facies (larmite-merwinite abysmal facies
according to Korghinskiy [22]) in the PT interval, and to determine the physi-
cal conditions of metamorphism and the kinetics of metamorphic processes in
the stability field of this sub-facies, this suthor, with the guidance of
Academician V. S. Sobolev, undertook in 1960-1962 to study the unique contact
of the Anakit trappean intrusion with Paleozoic carbonate rocks, During the
course of the study the list of minerals described in the rocks of this con-
tact [48] was supplemented considersbly by a mumber of new discoveries. The
first, discovered in the USSR, was the extremely rare calcium silicate ~-
tilleyite; also discovered were tridymite, formed in the metamorphism of silieci-
lite concretions, and quartzitic calcareous sandstones, sanidine, andalusite,
wollastenite, and others, The discovery of tridymite made it possible to de-
fine more accurately the question of the temperature of metamorphiam and to
confirm the accuracy of identifying the larnite-merwinite-spurrite sub-facies
as the highest temperature metamorphogenetic mineral association, Special at-
tention was paid to the petrological characteristic of the Anakit trappean
differentiated intrusion and its structure, as well as to the study of the
metasomatic rocks, ores, and products of hydrothermal activity. Among the
latter, special interest is seen in the abyssophobe hydrosilicates of calcium
(hillebrandite and others), This paper is devoted to a discussion of the
results of studies made on the Anakit contacts,

1. HISTORY OF EXPLORATION OF THE AREA
The object of the exploration and study of the area is a trappean intru-

sion and its contacts located in the lower reaches of the Lower Tunguska River,



approximately 285 lm from the mouth, It is disposed in the valley of the
river somewhat above the point of confluence with the Anakit River; the im-
mediate region is named after this river, Administratively this area is part
of the Evenkis National Area (Okrug) of Krasmoyarsk Kray, It is close to the
Novoginsk graphite mine ten kilometers up the Lower Tunguska River,

In the pre-revolutionary period the Lmld.t Rogion was visited only by
A, A, Chakammﬂdy who was the ﬁ.rst to discover ontcroppings of limestone
in the valley of the Lower Tunguska River above the mouth of the Anskit River,
This formed the basis for the study of the Anakit anticlinal structure [61],
After the revolution a great contribution to the study of the geoclogy of the
region was made by V., S, Sobolev, who made the first detailed description of
2 mumber of igneous and metamorphic rocks [48, 49], The theoretical studies
by Sobolev were included in the basic work "The Petrology of Traps of the
Siberian Platform"; it was based, to a considerable degree, on the materials
obtained from studies uads of the Anakit trappean massif,

During the thirﬁestha region was studied by a mumber of geologists of
the West Siberian Geological Survey Trust of the Arctic Institute and others
including: L. M, Shorokhov, S. L. Kushev [25], A, F, Mikhaylov, I. V, Moiseyev,
V. P, Tebenkov, D. S, Gaytman, 0. L. Eynor [32, 52-54], R, P. Radchenko and
N. A, Shvedov [41]. In 1947 there was a search and survey party for iron ores
led by V. N, Egorov [zoj. From 1950 to the l;reaént time studies were made in
this region by geologists of GIN [sa.t, Research Institute] USSR Academy of
Sciences; VSEGEY [Al11l Union Geological Seientific Research Institute J; All-
Union Geodetic Trust [VAGT]; SNITGGIMS [Northern Scientific Research Institute
of Hydralic Engineering and Soil Reclamation )i and others. The geologists
included the following: Menner, Rasskaszova, Ivanova, Vysotsk:’q,’ Dragunov
[11]; Pavlov [38, 397); Chaikovskaya, Bazhenova [3]; Petrakov Mikutsidy;



Staritskiy, Ykovlev, Malich, Polunina, Afanas'yeva [40]; Semenov [as, u6];
Sadovnikov, Markevich, Vokov, and others, The author worked in the Anakit
region in 1960-1961. The purpose of the expedition, as we have already indi-
cated, was to study the contact metamorphism and petrology of the Anakit
massif,

Tt should be mentioned that the Anakit region consists of one of the most
interesting sections of the earth's surface where, on a comparatively mmall
area, there are grouped together some of the most interesting geological ob-
jects of study including: tectonics stratigraphy, lithology, trappean petrol-
ogy, gas-bearing strata, metalogeny, coal and graphite formations, to say
nothing about the unique manifestation of contact metamorphism of limestones,
This may be an explanation of why the Anakit structure has attracted the at-
tention of geologists of various specialities for over thirty years, However,
it should be stated that the area still has not been thoroughly enough studied
due to the paucity of outcroppings, This applies primarily to iron minerali-
zation which has only been studied from the surface, and the possibilities of
petroleum and gas deposits, Absolutely unclear is the problem of depth forma-
tion and composition of the lower upheaval horizons, - These problems cannot
be resolved without a vast amount of mining work and drilling which has prac-
tically been untouched in the Anakit region during the long history of its
exploration,

II. GEOLOGY OF THE ANAKIT REGION

The region under survey is in the Anskit anticlinal upheaval which is in
the Lower Tunguska Valley that emerged to the surface as a result of the in-
tensive scouring of the over-lying rocks both by the river and its tributaries,
the most iuq:or‘tant of which is the Anakit River, The relief of the terrain
and the nature of the Lower Tunguska River valley are due to the geological




formation of this part of the Siberian platform and to the erosional activity
of rivers, The peculiarity of the lLower Tunguska River valley is due to the
abundance of intrusive strata of traps which perforate the subsident paleozoic
rocks, More durable against erosion than the rocks mixed in with them are the
traps which form "steps" in the sides of the river valley, fully justifying
the idea embodied in the phrase by the Swedish geolegikt# in the premicroscopic
peried [27]. | ”

The Anakit upheaval is within the limits of the Analdt rampart of the
north-northwest strike, which, along with a mmber of other ramparts (trough-
shaped) structures is found in the area of the western slope of the Tunguska
syncline, These arch-like upheavals being structures of a second order with
respect to a syncline are a characteristic peculiarity of its tectonic forma-
tion within the limits of the marginal parts. They follow along the boundary

of the syncline, oriented ‘parallel to its outer contours [s, 10, 16].
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Fig. 1. Schematic geological chart of the Anakit dome-like upheaval
region,

Markings: 1 - Lower Permian deposits (Burguklinskaya platform);
2 - non-differentiated traps; 3 - Carboniferous deposits (Kat-
skaya platform); 4 - Devonian deposits; 5 - Kochumdekskaya plat-
form of the Lower Silurian; 6 - Dolborskaya platform of the
Upper Ordovician; 7 - Anakit Massif; 8 - Elements of stratifi-
cation: 9 -~ Tectonic dislocations,

Legend: a) Lower Tunguska River,
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It is obvious from the investigations made by N, S, Malich that the
formation of most of the bars of the Podkamemmaya Tunguska (lower reaches),
the Bakhta River, and others in the Priyeniseysk Trough occurred over a long
period of time, This is demonstrated by an analysis of the thickness and
facial changes of deposits, embankment components, and troughs, The great
stratigraphic resemblance of the deposits which form the Anakit structure
to the deposits of a mmber of uplifts of the more southerly regions enables
us to see a certain analogy in their tectonic development. Apparently, the
Anskit embaniment, like other positive structures of this portion of the
Tunguska syncline, was established during the Lower Paleozoic and was in a
continuous state of formation until the end of the Paleozoic., However, its
growth was occasionally either temporarily interrupted or periodically in-
tensified,

The Anakit upheaval is the largest upheaval in the Anakit embankment,

It is brachy-anticlinally elongated in a northwesterly direction with an
area of 6 x 12 kilometers, The angles of dip change from steep angles of up
to 40° in the central portion of the anticline to about 8° on the flanks
where the rocks of the Permian age are developed, The Anakit upheaval is
broken up by a large mumber of tectonic disturbances, especially in the cen-
tral portion., Intrustions of dolerites penetrated through the largest of
thenm,

Rocks which form upheavals are Qnrac’oerised by the great nriogation of
their composition, The most ancient deposits are the rocks of the Ordovician
Period which are found in the central portion of the brachy-anticline. The
Ordovician rocks, just like the Silurian deposits upon them, are of great
interest to us because they fall into the contact zone of the trappean massif
which experiences high temperature metamorphism,



Ordoviclan outcroppings emerge on both sides of the Lower Tunguska River
at the very edge of the stream, as well as in the lower reaches of Vostochnyy
Stream (Fig. 1). The rocks are broken by rumerous tectonic disturbances,
crevices, metamorphosed dike apophysas of the Anakit trappean massif which
cuts them up. The lower boundary of the Ordovician layer is not laid bare;
the visible portion is about 60 meters thick,

The rocks of this age group are répresentod by sandstones and limestones
or dolomitic sandstones gradually changing into sandy, slightly dolomitiec
limestones as well as calcareous (dolomitic) aleurolites, argillites and
marls, Characteristic of this is the clearly expressed stratification and
variety of color in the rocks, which ranges from gray to yellowish or brown-
green,

The sandy faction is represented mainly by quartz which forms grains up
to 0.1 ca in dimension, The structure is non-uniformly grainy. The fragments
are semi-rounded or rounded, In the sandstones the cement is calcitic or
calcite-dolomitic, basal or porous; in some sections the cement is essentially
chloric, The chorate is thinly squamous, greenish in color with an index of
refraction at Nm of 1,603, With an increase in the amount of carbonate cement
the sandstones change to sandy weakly dolomitic limestones and limestonss con-
sisting essentially of calcite (the amount of dolomite is not in excess of
5 - 10§), which forms aggregates of thinly crystallic grainy structure not
infrequently with clear signs of cataclasm, Upon decreasing the cement down
to the point of complete disappearance, there appear quartyy sandstones with
quartzite structure containing an adwixture of orthoclase and fragments of
flinty rocks, Here and there we observe scarce and scattered impregnations
of hard bitumens [3],

The sandstone rocks make up the main portion of the Ordovician layer,

The marls, aleurolites and argillites, just like the limestones, form a




separate layer with a thickness of several centimeters to several moters; they
are characterized by extreme non-persistence in thickness and often peter ocut
along the strike,

The rock mass described contains a great abundance of faunistic residua
of brachiopods, trilobites, and other, Many of the forms found here are very
characteristic and we can rellably class the deposits in the central portion
of the Anakit upheaval as part of the Dolborskaye formation [35], i.e., the
upper Ordovician (o5a).

Rocks of the Dolborskaya formation with its non-evident disconformity
are covered over with Lower Silurian carbonate deposits, The main volume of
the Lower Silurian stratum is made up of striated marls, They have a gray
or dark gray color and a fine to medium-grained structure, The striations of
the rocks are emphasized by their color: the darker separations containing
¢ considerable sdmixture of clayay and carbonaceous materisl (up to 508) form
irregular spots, .bands, etc,, onthe common, lighter background of the essen-
t1ally carbonate portion of the marl, It is interesting to note that the
basic mass of clay particles is concentrated in the internai portions of the
carbonate-clay separations, A similar tendency is noted also in a dolomite
whose content is 10 to 158 (in this case the rock approaches a dolomite marl
in composition), The periphersl portions of the séparations usually contain
no dolomite, but apparently they contain a certain admixture of thinly dis-
persed free silica in the form of chalcedony or opal recrystallized into
quartz, The structure of the rocks for the most part is crystallic-gramlar
in some places it is cataclastic or granoblastic,

In the upper parts of the profile of the Lower Silurian stratum the clay
substances are less important; here, we find various stratified limestones,
blue, green, or white in color with occasional interlayers of dark marls, In




the lower portions there are interlayers of dolomites, dolomitic marls, dolo-
mitized limestones, etc. In the middle portion of the stratum, just as in the
lower parts, we find well developed siliceous concretions forming thin horizons,
The concretions are mainly chalcedony (or quartz) and carbonate in composition,
i.e., calcareous silicates,

Table 1

Results of the Roentgemostructural Anslysis of Clay Minerals in Marls of
the Kochumdeks Formation of the Anakit Region

Dolomitic marls Dolomitic-1ike Limestone

Minerals of |Minerals of | Minerals of|Minerals of | Minerals of| Minerals of
the hydro- | the kaolin | the hydro- |the kaolin | the hydro- | the kaolin

Eics group | _ groun | | mica group | group
1} 4, 1] 4, 1] 4, 1| £, | 4, |1} 4,
n n n n n n
17 112,93— | 38| 7,16 20 12.387—7 28 | (8,01 10 11,46 {37} 7,2
—10,19 ; -9,
6| 55 |18]| 4,58 13} (4,99 | 13| 7,32 2| 4,5 |25[. 4,50
.18 | 4,58 |27 3,65 " 42] (4,59 | 30| 4.47) 2% | 3,88 187 4.11
‘5] 4,10 |21 2,67 =221 431 |22] 4,36 15| 3.36 |65 3,65
9 3,35 {100 2,50 " 28| (4,05 | 28| (4,05 | 18] 3,2 100 2,50
17| 3,2 30| 2,306 77 70| 3,57 10{ 2,94 18| 2.2
98 | 2,97 |20] 2,204 6| 3,33 |24| (2.76) 100 2.50 |23 1,80
- 341 2,80 |44 2,148 81 (2.86) |20 2,5 %] 2,33 |36 1,54
100 | 2,51. |30 1,831 261 259 |75] 2,50 23{ 2.2 |29 1,509
21 2,206 {301 1,756 1001 248 144! 214 5! 215 13 1,313
44 | 2,148 |i7| 1.715 #) 2,14 17 .9 21| 2.03
38 | 2,025 |47 1.622 17§ (1.97) [ 13| (1,91) 41 1,531
38 | 2,011 |17} 1,587 171 1,654 | 151 (1.82) 13| 1,313
27 1,969 | 32| 1,527 551 1,531 {24} 1,788
17 1,715 1 34| 1,501 33| 1,502 | 17| (1,736)
23| 1,653 |19 1,328 8| (1,445)| 28 | (1,693)
38 1,531 | 18| 1,280 11] 1,274 { 20| 1,654
2 1,423 | 10| 1,258 8| 1,249 { 10| 1,578
19 1,281 { 10| 1,245 6] 1,218 155 1,531
10| 1,245 11} 1,459
5| 1,451
24| 1,304
*

Roentgenostructural analyses made in the roentgenostructural analysis
laboratory of IG and G SO AN SSR [Institute of Mining and Geological Sciences,
USSR Academy of Sciances].

Cu -- anti-cathode, A = 1,537kX; U = 30 kV; I = 10mA; diffractometer
URS-501, Radiation filtered., Intensity by the hundred point scale,

They are rounded or irregular shaped, with dimensions ranging from 1 to
10 cm along the longitudinal axis, Concretions usually coincide with the

carbonacecus-clayey interlayers of limestones and are enveloped with a dark
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Table 2

Results of Chemical Analyses of Cnrhénqgmg Rocks in the Kochumdeks Formation

K0 | nxoﬁ}L Misc, Total

Np, 0O

Ca0

" MgO

Mo

FeQ

Fe,0,

ALO,

Ti0,

810,

Type rock

100,27

40,80

0,16 0,07 0,11 0,04 1,61 53.90 none none

3.55 0,03

Limestone”

99.99

.45

»

Dolomitic marl

171 0.% 0.4 0,03 7.19 45.46 none 0.36 0.10

17.54 0.085 2,29 0.91 0.18 0,067 6,80 40,67 none none

99.55
100,55

37.48

6.3 0,07

Dolomitic marl"

38.09

*

2,80 0.025 0,53 0.29 0.14% 0,056 21,45 37.17 none none

Dolomite

analysls made in the Central Chemical Laboratory of the Novosibirsk Territorial Geologi-

* Chemical

cal Department,

** Chemical analysis made in the chemical-analytical laboratory of (IG and G SO) Academy of Sciences,

USSR, Institute of Mining and Geology,

marly material containing insoluble
particles amounting to from 40 to 50%.
In the middle portions of the rock
mass concretions are encountered in
layers of siliceous limestones and
marls containing sponge spicules,

The Lower Silurian deposits have
a wide variety of organogenic lime-
stones, Individual horizons of these
are encountered along the entire sec-~
tion; they are characteriged by a
clearly developed detritus structure

{crinoidal limestones and others).

The clayey fraction of linéstonos,

marls, and dolomites of the Lower Si-
lurian rsck m2ss i5 represented by
minerals from the hydromica and ksolin
groups, They form aggregates of ex-
tremely small scales in assoclations
with organogenic carbon substances,
The indexes of refraction of the min-

erals are as follows, Minerals of the

NG = 1-5560 Np = 1'5"9
Minerals of the hydro-

kaolin group:
(a11 + 0,003),
Ng = 1,568, Np = 1,542
The interplanar dis-

mica group:
(a11 + 0.003),
tances of the minerals indicated are




given in Table 1,

The data on the study of the mineral composition of the rocks are confirmed
by the results of chemical analyses given in Table 2, The presence of nickel,
copper, and sodium (in amounts from 0.001 to 0,1%) in limestones was also con-
firmed by spectrographic tests, The spectral analysis was made in the spectral
analysis room in the Institute of Miming and Geology, USSR Academy of Sciences.
The age of the carbonscsous rock mass described is established rather relishly
on the basis of occurrences of faunal remsins like 1landover-venlok [sic]. Ap-
parently, it is comparable to sedimentations of the Kochumdeks formation of the
Lower Silurian which are developed in the basin of the Podkamennaya Tunguska
River [28] (S kteh).

Occurring in the limestones of the Kochumdeks formation are various rocks
of the Devonian age: motley-colored clayey-carbonaceous deposits of the Zubovek
and Tynepsk formation, orgmogenic limestones of the Yuktinsk formation and
comparable to the Zhivetsk earbonaeeous rocks [1], and sandstones of the
Dzhaltulinsk formation of the Upper Dev’onian. The Devonian rocks with non-
evident disconformities are covered with quartz sandstones, cosly shales and
aleurolites of the Katsk Formation of the middie-upper Carboniferous Period
[34]. The shales and aleurolites contain a large quantity of vegetative detri-
tus which were described by a mmber of authors who have studied them [17, €0
85]. Impressions of the flora described compare favox;ably with the floral
complexes of the Alykaeyevsk and Masurovsky horizons of the Lower Balakhonsk
formation of the Kusgbass [‘&3]. Lower Permian terrigenous rocks are in con-
formable bedding with the Carboniferous deposits,

The region of the Anakit upheaval is rich in non-differentiated Noginsk
complex traps of the third phase of trap magnatism in the Siberian platform
[ho]. The intrusive bodies usually are conformable with the enclosing rocks.
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They are practically horizontal in the Permlan deposits beyond the limits of
the Anakit upheaval, and appear like the harpolites in the more ancient
paleozolc rocks which make up the internal portions of the anticlinal struc-
ture (of, Fig. 1).

The traps are represented by the gsbbro-dolerites, allivalite gabbro-
dolerites, pegmatoid gabbro-dolerites and microdolerites (dolerite aphanites),
The gabbro-dolerites with frequent taxitic composition and allivalite gabbro-
dolerites predominate in the central and lower portions of the trappean bodies;
they frequently contain schlierens of pegmatoid varieties and are rather in-
tensively amphibolirved,

The mineral composition of the rocks is quite uniform., The plagioclase
consists of from 40 to 60% of the total of the rock and is represented by
andesine-labradorite, Monoclinal pyroxene has a composition consisting of
w°32-J+2 Bryq o Fexg 25 (wuording to optical data) and is contained in rocks
in the amount of 10 - 426, Olivine is represented by hortonolite; its con-
tent varies from 0 to 27%.

Among the varisble admixturss is msgnetite {sometimes magnetite is present
in noticeable amounts -- up to 15¢), biotite and others, The content of micro-
pegmatite mesostasis is also subject to great variations -- from 0 to 15%;
pegmatoid gabbro-dolerites ars characterized by an increased amount of meso-
stasis,

The intrusive bodies vary in thickness, The large strata bodies have
thicknesses ranging to 300 meters. The basic mass of trappean bodies is of a
thickness not exceeding 150 meters., Sills of 2 to 3 meters in thickness are
also somewhat developed,

ITI, ANAKIT DIFFUSED TRAPPEAN MASSIF

The Anakit trappean massif occurs in the vaulted portion of the cupola-

shaped upheaval and, being the youngest intrusive formation in the region,
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breaks through the previously formed trappean bodies, Acoofding to L. A,
Polunina and M. A, Afanas'yeva it belongs to the Kuz'movsk Complex of the
4th phase of trappean magmatism [40], The intrusion is in the shape of an
irregular phacolith, a fact due to the layer-by-layer invasion of magma into
the strata of sedimentary rocks contorted into a double plunging anticline,

In the northesstern portion the phacolith changes to a thick (about 250
meters) dike-like body, cutting one of the ivings of the elevation (Fig, ‘2)>.
The northwestern tip of the massif is characterized by the invasion of magma
to the tectonic dislocations which divides the sedimentary paleozoic rocks
into separate blocks and is rich in m:ierous xenoliths,

o————.

—
—

P p—

B3 5 Gads

Fig, 2, Schematic geologic chart of the Anakit trappean massif,
Conventional markings:

1 - trochtolyte dolerites, olivine and olivine-hypersthenite
gabbro~dolerites; 2 - gabbro-dolerites; 3 - ferrogabbro; 4 -
granophyres and dolerite-pegmatites; 5 - hybrid rocks; 6 - a)
conformable intrusive contacts; b) intersecting intrusive
contacts; c) undetected contacts,

The visible thickness of the stratum-like portion of the intrusion is not
under 100 meters, It is characterized by a marked differentiation: from troce
tolite dolerites to granophyres, The lower portion of the massif is made up
of olivine and olivine-hyperstheniec gabbro-dolerites with poorly expressed
schlieren of trochtolite dolerites, Higher up these rocks change and we find
normal gabbro-dolerites consisting of plagioclase labrador and monoclinal

-
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" pyroxene with an admixture of hyperstheno,r olivine, titanomagnetite and others,
Sti1l higher on the section the gabbro~dolerites are replaced, in turm, by
ferro-gabbro and quartziah gabbro-dolerite rocks which are tied together by
mitual transitions,

3) PaspesaB - e -

—
——
-

—
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‘ o - el T e e o o oy ) . e
Fig, 3. Section through chart of Anakit massif (of, Fig. 2). Section
shown in enlarged scale,
Legend: a) Section through AB; b) Lower Tungusks River,
In the uppermost portion of the massif the dolerite-pegmatites and grano-

plyres (Figs, 2, 3) are extensively developed, In the endocontact portions the

microdolerites and porphyry microdolerites are generally distributed,

The most striking feature of the trappean magma during the course of its
crystallization is the absoluta concentration of iron and alkalies in the
later stages of the proeeu ‘!.‘his phenomenon was discovered by V 8. Sobolev
over 25 years ago [49], and 1t is clearly manifested in the Analdit differanti-
ated massif; it is expressed as a successive erystallization of minerals of
variable composition related together by definite paragentic ratios of olivines,
Pyroxenes and plagioclases in which the céntent of iron and lye changes during
the crystallization of the magma, The composition and distribution of minerals
in the vertical section of the massif undonbtedly point to the presence of pro-
cesses of differentiation in the crystallization of tha trappean magms and to
the non-similtanecus formation of ssparate differentiates. The mineralogical
characteristic of rocks in the Anakit massif is given in Table 3,

The gravitational, crystallizational differentiation of the magma was af-
fected during the process of movement (extrusion) of magmatic melt, a fact
pointed to by the arrangement of crystals of plagioclase in all the differenti-
ates of the massif with the exception of dolerite-pegmatites and granophyres,
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Table 3

Changes in Composition of Dark-Colored Components and Plagioclase
Through the Vertical Section of the Anakit Massif

Mineral

Differentiate Fhombic
Olivine | pyroxene Monoclinic pyroxene Plagioclase % An

; Fay—1 Fsy; Wosg_y; Enyyys Fsyg 48 8589

‘ EWT. o Fagys Fsso ‘ Woss_ 1o Engg.\y Fsypsn " 80—85
U Aatbea gl 0 Fag—g Fsp = - » Woso 4 Enm,;; Fs;:‘: . 60—78
‘ sl ‘g - — - B Wo, i Eng, 35 Fsqg ’ 59

' “Ig%: Fas_: — W03o_; Enys o Fng o _
iroeitee, | = e 53
erite-pegmatite __ e  Wom_Enye_p Fpe_yo _—
Granophyre - | - Wo En,_;Fs;;_j; 21—30

1)
In analyzing the orientation of the plagioclase

in the rocks of the
Anakit massif we succeeded in establishing the presence of two incurrent canals
through which the magms was eonci_gcted to the space presently occupied by the
intrusions 1) the dike-like intersecting body in the northeastern portion of
the massif, 2) the group of apophyses in the northern and northwestern portion
(the latter presumably are commected together in the depths), In general, the
magma progressed in a southerly direction from both of the chammels squeezing
itself out into the rock mass which makes up the Anakit upheaval, The intru-
sive body formed hereby inherits the cupola-like form of the enveloping, double-
plunging anticlinal fold acquiring the shape of a phacolith,

On the basis of the direction of differentiations, the composition of the
rocks and their mmtual distribution in the vertical section, the Anakit massif
closely resembles the Skaergard massif in Greenland [?79, 95] and the Alamdzha-
khek trappean massif in the Vilyuya River basin [30] A special article by
author is devoted to a more detailed petrological description of the Anakit

trappean massif,

1) In making the analysis of the structure of the massif we used micro-
structure observations in the large scale processing of orientated schlieren
using the method of V, V. Zolotukhin [18, 19].
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IV, EXOCONTACTS OF THE ANAKIT MASSIF

The contact influence of the Anakit intrusion on the interfering rocks of
the Ordovician and Lower Silurian was expressed in the high temperature meta-
morphosis as a result of which there was a formation of mrbles;' containing
rare silicates of calcium, hornfels of larnite-merwinite-spurrite mbfacies;
and others, The next stage in the contact effect was the appearance of garnet-
pyroxene skarns and magnesioferrite ores, The concluding stage is characterized
by a rather abundant hydro-thermal activity which was manifested in the forma-
tion of a mmber of hydrosilicates of calcium, silicification, serpentinization,
ete,

A, Metamorphic Stage

Under this heading it is sppropriate separately to consider the products
of metamorphimm as a funection of the original normetamorphosed rocks on the
one hand, and the temperature of the contact effect from the trappesn intrusion,
on the other, Two groups of contact-metamorphic rocks are to be distingui shed
from their temperature characteristics:

1) high temperature marbles and hornfels of & lamite-merwinite-spurrite
subfacies (sanidinite facies of contact metamorphism according to F. Turner and
G. Fermgen [56];

2) the comparatively lower temperature marhles and hornfels of pyroxene-
hornfels facies than in the preceding case [56]. These two groups of rocks
clearly differ from one another in their mineral composition andv position in
the contact zone of the Anakit massif, Depending on the eomposiﬁion of the
original rocks in each of the above mentioned groups we differentiated between
several mineral associations formed:

2) in the metamorphism of calcareous marls with a certain admixture of
free silica and dolomite:
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b) 3in the metamorphism of dolomitic marls and silica dolomites;
c) in the metamorphimm of calcareous, calcarecus-dolomitic, and dolomitic
sandstones and aleurolites with interlayers of argillites.

High Temperatu ntact M hi
(Sanidinite Facies)

Metamorphism of Calcareous Marls

The highest temperature .netaiaozvphie rocks of the comtact aureole of the
Anakit differentiated trappean massif are located in the central portion of the
cupola-shaped structure where the magma irrupted through mmerous ruptured tec-
tonic dislocations, i.e., in the immediate vicinity of the incurrent chamnel,

The area of distribution of these rocks is the right bank of the Lower
Tunguska River, somewhat below the mouth of Vostochnyy Stream, The main por-
tion of the original exit is found in the area of the river flood plains and
is covered by the deep flood waters, The first description of the rocks was
made by V. S. Sobolev [48], |

Marbles, containing rare silicates of calcium of the larnite-merwinite-
spurrite subfacies of contact metamorphism coincide with the contacts of the
thick asymmetric apophysis of the Analdt massif (Fig., 4)., In the western con-
tact zone are to be found chiefly rocks formed from essentially dolomitic marls
and consisting of calcite, monticellite, melilite, and others,

In the eastern contact zone of the apophysis there are marbles formed in
the metsmorphism of essentially calcareous marls (the content of dolomite is
between 10 and 15%) and, in addition to calcite, they contain spurrite, mer-
winite, tilliyite, and others,

The position of the enclosing rocks on both sides of the apophysis is
varied, On the western side the apophysis is in contact with the non-dislo-
cated carbonaceous. stratum of the Silurian period; the contact bears a clear
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concordant imprint., On the east it is bounded by a block of Silurian calcareons
marls severed from the substratum and various Ordovician sandstones and aleuro-
lites, This block is cut up by veins (apophy‘ses) of traps and is metamorphosed,
The esastern portion of the block comes in contact with still another thick apoph-
ysis of the Anakit massif, Made up of rocks of the Ordovician period, the east-
ern portion of the block is converted in metamorphism into various hornfels de-
scribed below, The block of Silurian rocks is not like the xemolites although
the latter are almo encountered in the endocontact areas of the massif, but
their dimension is nsually not over several meters (along the larger axis).

The block is isolated and somewhat turmed as a result of disjunctive tectonic
activity of the enveloping stratum bounded on all sides by ruptured dislocations
into most of which the trappean lagu intruded, Shown in the large-scale sche-
matic chart (Fig, 4) of the right bank portion of the Lower Tunguska River in
the area of the spophysis of the northwestem part of the Anskit massif is the
interrelation of traps with enveloping rocks, including the previcusly mentioned
blocks of metamorphosed Silurian-Ordovician rocks, One is struck by the dis-
tinetly intersecting character of the apophysis which irrupts into the internal
portion of the block,

Despite the fact that all sedimentary deposits making up this block are
rather strongly metamorphosed, nevertheless, the rocks immediately adjacent to
the contact with traps are distinguished by the more intensive metamorphism,
This zone of intensive contact metamorphism is 10 - 18 meters thick,

The marbles in the rone of intensive metamorphism are light gray to dark
gray in color and broadly striated in texture, The nature of the coloration
emphasizes the striated (or stristed-mottled) texture of the rock., The darker
portions, made up chiefly of silicates of calcium, are clearly seen on the
overall light gray background of calcite marble and contain practically no
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Fig, 4 Large-scale schematic geological chart of the right bank portion
. of the Lower Tunguska River in the area of the Anakit cupoloid
elevation somewhat below the mouth of Vostochnyy Stream,
Legend: 1 - gabbro-dolerites and ferro-gabbro; 2 - granophyres
and dolerite-pegmatites; 3 - microdolerites; 4 - hybrid pyTO-~
xene-feldspar rocks; 5 - hybrid shonkinites; 6 - Kochumdeks
formation marls; 7 - contact zone with an extensive development
of monticellite-mellilite rocks; 8 - contact zone with a sub-
stantial development of spurrite-melilite-merwinite rocks; 9 -
pPyroXxene-wollastonite, pyroxene-plagioclase, pyroxene and other
hornfels; 10 - area of main development of phlogopite-and-sani-
dine-containing rocks; 11 - quartz rocks; 12 - skarn veins,
silicate minerals, Isolations of silicate minerals are striated, irregularly
lens-shaped, or stresky in appearance, The boundary between them and the marble
is usually quite distinct, When exposed to the weather they are more durable
than calcite and emerge as eminences on the surface of the marble, The struc-
ture within the bounds of the isolation and in the snclosing marble is charac~
terized by heterogemeity, changing from fine to medium gramilar, The individual
layers of calcite silicates in the marble do not exceed 7 - 10 cm, and the
general thickness seems to be between 1 and 3 cm. The distance between adja-
cent lines, separated essentially by a calcite interlayer, also varies within
these limits, Along the striko the bands made up of silicate minersls vary
greatly in thickness and often t&per out at a distance 6f 0 to 50 em. In
some places within the limits of thin, lens-shaped and striated isolations one
encounters nodular "swellings" with a cross section length of 10 - 11 cm,
Similar nodular isolations are sometimes found isolated in marble, Very often
the larger isolations have thin, streaky ramifications, thin leaders, and the

like which may connect with adjacent isolations,
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All the numerous lens-shsped, banded, nodular and other kinds of isola-
tions are usually grouped and oriented in the plane of a definite horizon
(Fig. 5) and extend over a considerable distance, The isolations grouped
within the bounds of this horizon make up the above mentioned coarse, streaky
texture of metamorphic rocks,

The calcimm. sjlicatss which make up the isolations in marble are repre-
sented by merwinite, spurrite, melilite, and tilleyite, In addition, usually
present in this association are pyrrhotite and chalcopyrite., Here and there
in the interior portions of the nodular swellings and in large nodular isola-
tions one encount;ers concentric sections made up of wollastonite aggregate,
Macroscopically, these wollastonite "nuclei" are white, rose, or light gray in
color and have a fine grain structure, The boundaries of the "nucleus" are
usually sharp and clean, Occasionally tridymite and pyrrhotite are found in
association with wllastonite,

Given in the folleriﬂng arc: the chnfaeteristics vof silicate minerals which
are formed in the metamorphism of calcareous marls containing a certain ad-
mixture of dolomite and free silica,

Tridymite -- 3102, The mineral is found in certain concentric isolations
of fine grain wollastonite (in wollastonite "miclei™ from nodular swellings).
It forms microcrystallic growths, consisting of irregular and coarsely laminated
grains the dimensions of which rarely exceed a hundredth part of a millimeter,
Ordinarily, one finds knotty, lens-shaped, and fusiform accummlations of grains
of tridyiite interspersing the wollastonite "mucleus" either in irregular
fashion or oriented parallel to its edges, The grains of the mineral are rich
in circular inclusions of wollastonite and graphite, The indexes of refrac-
tion of the mineral are: Ng = 1.473 + 0.003, Np = 1,469 + 0,003, In the
laminated crystals one clearly observes negative elongation and straight ex-
tinction, The optic axial angle is not great and is positive, Double
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refraction is low and of the order of 0,003 -~ 0.004. All of these data enable
us to define the mineral as tridymite.

Merwinite -- CaMgSi,0g. Triclinic system [50]. There is a statement in
some literature to the effect that this mineral crystallizes into a monoclinic
system [60], but the results of studies on the orientation of the optical indi-
catrix of merwinite contradict this,

The dmral forms brown or brown-gray small grains associniad with meli-
lite, spurrite, pyrrhotite and others, The grains are irregular, circular or
cogrsely tabular; usually, they contain inclusions of spurrite and melilite,

Individual mineral elements of merwinite are not over 1 mm in size, al-

though one occasionally encounters rather large-sized grains tabular in shape

up to 3-4 mm in size, The mineral is characterized by the presence of two sys- l
tems of polysynthetic twinning, which intersect along the edges of the prism !
(110) and (130) &t anangle of 4#3° (Fig. 6). Quite often one notes a complete
cleavage (possibly a separation), wh1ch divides the angle between the two sys- <
tems of twin seams into approximately equal parts, Most likely this "cleavage" ‘
is complicated in nature and is manifested by a combination of systems of twin
seams of polysynthetic twimming,

The twinned axis coincides with the rib [001]. The angle clNp is about
33°. Nm slmost coincides with _| to (010), a fact that can be established in
well formed table-shaped crystals,

The orientation of the optical indicatrix of merwinite with respect to
the twin axis, to the pole of the twin seam, and plane of imperfect cleavage

is given in the follovingzv

Twin Axis [001] Twin Plane of Cleavage
. Intergrowth (110)
Ng=82° Ng=33 Ng=14°
Nm=6l° Nm=74° Nm=87
Np=33° Np=67° Np=T74°
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Tt should be mentioned that these data sgree well with the resilts of
study of the optical orientation of merwinite given by V. S. Sobolev [50].

The indexes of refraction of the mineral are: Ng =1,722 + 0,003, Np =
1,705 £ 0.003, Ng ~ Np = 0,017, The angle of optical axes is large and posi-
tive, 2V = 73°,

The specific gravity of this mineral is 3,2, Hardness 6, streak is black,
the luster is glassy, '

The interplanar distance of merwinite determined roentgenoscopically are
given in Table 4,

Table 4
Results of Roentgenostructural Analysis of Merwinite®

I —— Y I _g.a
n n
6 2,9 L 1.753
.6 2,832 3 1.693
4 2,79 1 1.624
10 2.650 1 1.561
2 2,442 7 1.5%
2 2,296 3 1.7
2 2,200 3 1,378
4 2,145 2 1.332
3 2.008 2 1.320
8 1.889 1 1.224
8 1.856 1 1.195

Photographing conditions: D = 57,3 mm; Co = anticathode;
A=1,78529 A; I =1lmA; U = 37kV, Radiation filtered., Cor-
rections made in accordance with combined graph for KC1 and
chlorite, Exposure time 20 hours, Intensity on ten-point scale,

* Made in the roentgenostructural analysis laboratory of
IG and G, SO AN SSSR,

Spurrite -~ 01581208(003). Monoclinical system, The mineral forms large
tabular colorless or light gray crystals with several systems of cleavage
cracks, In nature, spurrite forms solid grainy masses resembling marble, The
luster on the surfaces of cleavage is glassy, hardness 5 - 6, specific gravity
3.0, white streaks; mineral transparent or semi-transparent. Dimensions of
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individual crystallic grains up to 5 mm, The mineral is characterized by the
presence of perfect cleavage along (100) (accepting the orientation of spui‘-
rite according to S. E. Tilley [88, 91]) and imperfect along (001). Both
cleavages intersect at an angle of 79°-80°, The optic axial is perpendicular
to (010) and is inclined at an angle of 58° to the plane of perfect cleavage;
the axis Nm forms an angle of 32° with the rib [001],

The wineral shows two systems ofnpolysynthetic twins, The most common
and usnal sre twins with a plane of perfect coalescence (100). They are ex-
pressed besutifully and remind one of plagioclase twins, Characteristic of
polysynthic twins of spurrite is a special phenomenon expressed in the regular
alternation of broad twin plates with relatively narrower ones, the width of
the narrow and wide alternating plates persists rather clearly, Twinning in
spurrite is just about as widely distributed as in the plagioclases, and it is
a very characteristic diagnostic feature; however, totally non-twimmed grains
are also encommtered, The laiter feature is most typical of the large crys-
tallic mineral aggregates, Very uncormon is simple twimning,

Less prevalent is twimming along the plane (101). Twins with this plane
of coalescence not infrequently intersect with the previously mentioned twins
with the plane of coalescence (100)1). The angle between the two twin surfaces
is about 120° here. This peculiarity in the Anakit spurrite was first noted
by V. S. Sobolev [48],

The sections perpendicular to the peak of the bisectrix show a symmetri-
cal extinction of the adjacent twin plates; the crystal is frequently extended
in the direction of twimming and perfect cleavage (Fig. 7). The section per-
pendicular to the plane (010), shows a highly interferential coloring,

___1) It is possible that in this case there is twiming along (101) and
(101); however, this cannot be proved definitively due to the closeness of
the coordinates of the twin surfaces (101) and (100).
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The orientation of the optical indicatrix of spurrite with respect to the
poles of twin surfaces of coalescence (edge twinning law) after making & de-
termination on the Fedorov universal stage is as follows:

Twin Plan of Coalescence Twin Plane of
Perfect Cleavage along (100) Coalescence (101)
S Ng=ar | Ng=2
- Nm=58 . Nm=65°"
G Np=9 L Np=

‘ The indexgs of refraction of the mineral are as follows: Ng =1.679 +
0.003, Np = 1,640 + 0,003, Ng-Np = 0.039, 2V = -%°, r> v, These dats agree
well with the determinations of other investigators who studied spurrite, Spe-
cifically, according to F, E. Wright: KRg = 1,679 + 0,002, Np = 1,640 + 0,002,
Ng-Np = 0.039 (in Na light), 2V = -39.5° [97]; according to S. E. Tilley:

Ng = 1.680, Np = 1.640, Ng-Np = 0,040, 2V = -40° [88]; according to 0. F. Tuttle
and R, I. Harker: Ng = 1.679 +0.002, Np = 1.640 + 0.002, Ng-Np = 0,039, 2V =
h0° (£5°) [92], ete.
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Fig, 7. Spurrite rock, The large grain of spurrite (on the left)
apparently forms as a result of mmaller tablet-shaped spur-
rite grains in re-crystallization. The nicols are twisted.
Magnification 32,
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In the rock spurrite associstes with calcite, merwinite, melilite, tilley-

ite, pyrrhotite, wollastonite, and others,

Disintegrates readily and is re-

placed by a rmmber of later minerals, specifically garnets, caleium hydrosili-

cates, ete,

The interplanal distances in spurrite, roentgenoscopically determined,

are given in Table 5,
Table 5

Results of Roentgenostmc-*
tural Analysis of Spurrite

y g — 1 —‘—l
’

1,5 3.779 3 1,976
4 3.480 10 1,882
4 3,152 1 1.821
6 3,020 1 1,811
10 2,698 1 1,792
L3 2,674 2 1,766
2 2.650 5 1.709
10 2,620 1 1,657
2 2,531 3 1.607
3 2,418 3 1,537
2 2,230 1 1,473
6 2,185 3 1,432
6 2,174 8 1,413
1 2,130 1 1,273
2 2,086 1 1,257
4 2,011 1 1,197

Photo conditions: Co -

anticathode; D = 57.3 mm;

A =1.78529 A; I =11 mhA;

U = 37 XV, Correction made
according to combined graph
of KC1 and chlorite, Ex-
posure time 25 hours, In-
tensity on the ten-point
scale

* The roentgenostruc-
tural analysis was made in
the roentgemostructural
analysis laboratory of IG
and G SO AN SSSR,

Tilleyite -- Ca 51,0, - (804),. Mono-
clinical system, Mineral first found in the
Soviet Umion [44],

In addition to the contact zones of the
Anakit massif, tilleyite was established in
& few other points around the world, to wit,
Crestmore, California, by Larsen and Dunhanm
[76]; Iron Mountains, New Mexico by Glass,
Jahns, and Stevens [68]; Carlingford, Ireland
by Nockolds [82]; and in Camas Mor, the Is-
land of Muck, Scotland, by Prof, Tilley [91],

Tilleyite grains are not over 1 - 2 mm
in size, but they occasionally reach 8-9 mm,
For the most part the grains are irregular
or coarsely isometric with a glassy luster
on excellently expressed cleavage planes,

The mineral is transparent in thin fragments

and reacts violently to muriatic acid, It
has a specific gravity of 2,9 (this figure
is probably high because tilleyite had a

slight admixture of spurrite), and a hardness of 5, The tilleyite content is

usually quite small (0.5 - 1%), but in some instances it reaches 50 - 60% by

volume.
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It should be mentioned that macroscopically tilleyite is difficult to
distinguish from the other silicates which accompany it,’v such as spurrite,
merwinite, and melilite. Characteristic of it is the presence of several
directions of well expressed cleavages, |

In its optical properties tilleyite is similar to the mineral described
by Nickolds [82] and Tilley [91]. It has three systems of cleavage cracks,
The first distinctive cleavags (perfect cleavage according to Nickolds [82]
is parallel to (100) if we accept the orientation of tilleyite by Larsen and
Dunham [76]. It forms an angle of 12° with the Ng axis and an angle of 54°
with the other clearly expressed cleavage ("clear" cleavage [82])., This
second cleavage is also a twin plane of coalescence,

The twins are laminated, simple, and rarely polysynthetic; the twimning
is along the edge and axis, The nature of the polysynthetic twiming is
different then in spurrite, the twins are not repeated as frequently and mot
with the strict regularity as in spurrite, The twin plane is parallel (101)
and perpendicular (010) to the visual axis plane., In the section normal to
Nm and parallel to (010) symmetrical extinction equal to 24° (angle between
the axis Np and twin seam) is characteristic of a twirmed crystal. The third
cleavage is less clear, It is parallel to (010) (the "poor" cleavage accord-
ing to Nickolds [82]). The fourth cleavage ("very poor" [82]), is perpendi-
cular (010) was manifested in Anakit tilleyite, The Ng and Np axes 1lie in
the (010) plane, and the ¥ axis coincides with the secona crystallographic
axis, ’

The direction of the optical indicatrix of tilleyite with respect to the
poles of the cleavage plahe after determination on the Fedor universal stage

was as follows:



Cleavage along (100)

Cleavage along (101)

Cleavage along (010)

("perfectt) ("clear"), twin ("poor")
plane of
coal escence
Np=12° Np=66° Np=9(¢°

Spurrite-tilleyite aggregate., Relict poikillitic ingrowths
of spurrite included in large irregular grains of tillseyite
(1ight), Nicoli intertwined, Mag. 32,

Fig. 8.

The angle of opticel axes of the mineral are very large, positive;
2V = 880, r < v, Indexes of refraction: Ng = 1,653 + 0,002, Nm = 1,634 +
0.002; Np = 1,611 + 0,002; Ng-Np = 0,042, These data agree well with the de-
terminations made by all investigators studying this rare silicats of calcium,
According to Larsen and Dunham Ng = 1.652, M = 1.635; Fp = 1.617 (all + 0,003);

90° [76]. According to Glass, Jahns and Stevens Ng = 1.651; Nm = 1,635

v
Np =1,616; r< v [68]. According to Nickolds Ng =1,653; Nm = 1,632; Np =
1,612 (all + 0,003); 2V = +87° [91]. Harker's determinstion who cited the

L}

research data on tilleyite from Carlingford (Ng = 1.656, Mm = 1,632, Np =
1.599) raises doubt [71].



Tilleyite ordinarily develops from spurrite and is a later mineral phase,
Oftentimes it forms borders and margins around the spurrite grain, appearing
on the boundary between the spurrite and calcite., The resorbed crystals of
spurrite not infrequently are included in this as mclei in circular fused
grains of tilleyite (Fig. 8). The large crystals of tilleyite (8-9 mm in
cross net:lon) n.ly contain a mltiplicity of poild.llitic :anlusions of spur-
rite, and .’tn tint case tilleyite plays an 1nportant part as a comanting tissue
for spurrite grains, Oftentimes in tilleyite one can observe irregular relict
inclusions of calcite and melilite, |

Tilleyite disintegrates rather easily and is replaced by a mmber of
later, lower temperature minerals, particularly columnar, hydrothermal wolla-
stonite, as well as hillebrandite and other hydrosilicates of calcium,

The presence of tilleyite in the Anakit contact zone could be expected,
on the basis of the analysis made here, under conditions of low pressures and
high temperatures of a mineral association of larnite-merwinite-spurrite sub-
facies of contact metamorphism, Harker,' in an article devoted to the problem
of the formation of tilleyite, expressed the idea that in the Lower Tunguska
River area tilleyite should be present not only on the strength of the appear-
ance here of spurrite-merwinite rocks, but also as a consequence of the pre-
sence in the association observed of silica and fluorine-containing minerals,
cuspidine and melilite [71, 72]. He confirms his own conclusions by data from
a paragenstic analysis of natural associations of minerals and an artificial
synthesis of tilleyite in the presence of traces of A1,05 and CaF,, It should
be noted, however, that cuspidine very clearly develops, in our instance, after
tilleyite, replacing it, Hence, fluorine along with certain other components
is added to the contact marbles after the formation of tilleyite. Our atten-
tion is invited to the following peculiarity: tilleyite in its fomation



distinctly gravitates to the boundaries between spurrite and calcimm (Fig. 9),
and is the product of the reaction between them (or between spurrite and co,)
with a drop in temperature.

Given in Table 6 are the interplanar distances of tilleyite determined

‘ roentgenoscopically,

‘ Wollastonite -- CaSiOB. As we remarked previously, wollastonite forms
thin, crystallie, dense concentration of isolations (wollastonite "muclei®)
in the spurrite-merwinite-melilite sections of contact-metamorphic marl rocks
(Figs. 10, 11),
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Fig. 9. Borders of tilleyite (1ight) about polysynthetic twinned grains
of spurrite, Main background is calcite (gray). Nicoli inter-
twined, Mag, 32,
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The dimension of individual grains of wollastonite is not over 2-3 n.
Color: white, rose, or light gra;yvith yeiléwish tint, Grain prismatic or
more often tablet-shaped along (100), usually somewhat elongated, Glassy
luster, hardness 5, specific gravity 2.8,

Two cleavages distinctly manifested in the mineral: the perfect cleavage
along (100) and median cleavage along (001).




Table 6 Polysynthetic twimming paral-

Results of Roentgenostructural Analy-
ois of Telleyite” lel to elongation widely distributed.

The mumber of twinning lamellae does

' 7 —:—« 1 "?."’ not exceed 3 or 4, The first pina-
G < coid serves as the intergrowth
|1 ] e
i . ,
2 30448 9 1'752 plane, In individnal, comparatively
& 3’091 7 1614 rare cases twimning occurs along
8 3'?33 : I '5% (001). The twimming is on the facets
- Z, . . . O 9 -
1 2:4334 2 1,361 The plane of optical axes forms an
~1 2,954 3 1,257
3 % |3 1 angle of 4° with the second crystal-
2 1,906 2 1,150
> 1 1892 4 1,107 lographic axis and lies in the (010)

Photo conditions: Co = anticathode;
D=57.3mm\ =1.78529 ¥X; T = 11 mAs plane, The Np axis forms an angle
U = 37 kV, Correction made according to stall -
combined graph of KCl and ohlorite, Ex.  OF 32 with the third crystallogra
posure time 25 hours, Intensity accord- phic axis,

ing to the ten-point scale,

* Roentgensstructural analysis
made in the Institute of Geology and indicatrix of woll nite relati
Geography, USSR Academy of Sciences, ° of wollasto e

The orientation of the optical

to the cleavage poles and twirmed

planes of coalescence is as follows:

Cleavage along (100) Twinned Cleavage along (001) Twinned
Plane of Coalescence ‘ Plane of Coalescence

'N‘g = 3?3 _~‘5g = 52:1

Nm=9%° Nm=90°

.Np=58° ‘ . Np=3®

The indexes of refraction of the minersl arer Ng = 1.635 + 0,003, Np =
1.623 £ 0,003, 2V = -%°, r> v.
The results of a chemical analysis of a monomineral fraction of wolla-
stonite are as follows: 510, = 49.12f, Ti0 = 0,07%, AL,05 = 0,045, FeO = none,
Fe05 = 0.13%, MnO = 0,04%, MgO = 0.37%, Ca0 = 48,31%, Na 0 = none, K,0 = 0.068,
E HO = 0.06%, other = 1,07, Total -- 99. 63% (in percentile weight)lg in

1) The chemical analysis was made in the chemical-analytical laboratory at
the Institute of Geology and Geophysics, Academy of Sciences, USSR,
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general this corresponds rather closely to the theoretical formmla for the min-
eral CsSiDB.

Wollastonite from concentric isolations is usually quite pure and forms
virtually monomineral aggregates, Sometimes admixtures of tridymite and graph-
ite (of, above) as well as small flskes of hematite in amounts under one per-
cent are obnrnd.( , N ) ‘

" Given in Table 7 are Vi:h,a'into}rplmar ‘dist.anc‘es’v of wollastonite,

Melilite -- (Ca, Na),(Mg, A1)(si, A1),0,. Tetragonal system, Mineral
forms round or short prismatic, fine crystals (up to 1 mm), associsted with
merwinite, spurrite and tilleyite. It is ordinsrily found as an inclusion in
merwinite and in spurrite, Rarely forms independent accumulations, Colorless
mineral with an unclear cleavage along third pinacoid. Glassy luster, hard-
ness 5, specific gravity 2,9-3.,0,

Insofar as its optical properties are concerned, the mineral is essentially
an akermanite-melilite. The indexes of refraction are: Mm (high index of re-
fraction) = 1,650-1,645 + 0,003, Np (lower index of refraction = 1, 647.1, 641
+£0.003. MNm - Np = 0,001 - 0,005, Single axis, Sign of elongation positive
or negative, Characteristic of the mineral grains is a blue-violet or blue
anomalous interferential color.

From these data it follows that the optical properties of melilite are
characteriszed by a high order of variation, Irregularity in properties occurs
even within the limits of the ‘i,.ndividnal grain and is expressed most clearly .
in the case of gzonal crystals of melilite, Usually in this case the central
portion of the grain is practicsally isotropic and has the following indexes of
refractions Nm = 1,648-1,647 + 0,003, Np = 1,647-1,646 + 0,003, The border
portions have double refraction of the order of 0.004 - 0,005 and the follow-
ing indexes of refraction: Nm = 1,646-1.645 + 0,003, Np = 1,643-1,641 + 0,003,
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Making use of data by I. R. Goldschmidt [9] and Trager [58] to obtain informa-
tion about the chemical composition of melilite we can conclude that the cen-
tral portions of such zonal grains of melilite are richer in molecular helenite

(up to #0% of helenite) than the border grains, which contain up to 80% and
more of akermanite,

Fig. 10, Wollastonite pseudomorphosis {Woll.) through a silicilite
concentration (central light micleus) surrounded by con-
centric borders of cuspidine and garnets (thin fringes
around the wllastonite mucleus; cuspidine - white, garnet-

dark), tilleyite and spurrite (Ty. - Sp.) and merwinite (Mer,)
in fine grained marble (Cal,), Polished lump of ore,
Natural size,

Variations in the optical properties of various crystals of melilite are
explained by the same reason, i,e,, a considerable change in the chemical
properties of the minerals, These variations occur even in comparatively
small volumes of the rock (within the limits of one section) and are a charac-
teristic feature of Anakit melilite. One other characteristic feature should
be mentioned: in association with spurrite, melilite usually contains some-
what more helenite (compared with median composition).

H*



Fig, 11, Details of wollastcnite pseudomrphos:ls along silicilate con-
cretion, Fine grained material on left of microphotograph --
wollastonite aggregate surrounded by a margin of cuspidine
(Cu), Ty - Tilleyite, Sp - spurrite, Nicoli crossed, Mag, 32,

Table 7

Table 8

Results of Roentgenostructural Analy- Results of Roentgemostructural Analy-
sis of Melilite*

Pho

75.3

37 ¥ Exposure time 25 hours, U = 37 kV, Exposure time 20 hours,

Radiation filtered, Correction made
according to combined KC1 and chlo-

1} ll

Radiation filtered, Correction made
according to combined KC1 and chlo-

sis of Wollastonite‘

7 e, : 4, : S, 4. g,
n i n 7 n 7 n
g gg:ls ' ; 1, ;49 2 4,2 3 2,040
: 1,709
8 | 3% 7 1.595 4 3,12 3 1,967
- g.gg g 1,527 2 3,42 4 1,856
: 1,472
1 2.79 6 1,456 . 5 3.09 2 1,812
g ggg g },-355 : 10 2,832 9 1,753
. ‘ ,340 ; ;
3 2% i 500 2 2,442 2 1,670
g gg‘? g 1,237 6 2,398 3 1,510
. 12209
6 | 26 : {17 .6 2,206 3 1,472
g ?.392 g 1,142 cLE 2 2,195 ] 1,430
. 1,104 = = .
2 1 1874 4 1,089 e 2,145 3 1,405
3 1.823 4 1,030 o 5 1,378 |
to conditions: Co - anticathode; Photo conditions: Cu - anticathode;
m A =1,78529 kX; T =11 mA; D=57.3 mm; \ =1.579 kX; I =16 mA;

rite graph, Intensity by the ten- rite graph, Intensity according to the
point scale. ten-point scale,
* Roentgenostructural analysis * Roentgenostructural analysis

made

laboratory of the IG and G SO AN
SSSR,

in roentgenostructural anslysis made in roentgenostructural analysis

SSSR,
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The interplanar distances of melilite, containing about 70% akermanite,

are given in Table 8,
Table 9

Results of Roentgenostruc-
tural Analysis of Pyrrho-

tite*
Hexagonal | Monoclinic
Modification Modification
—‘—-C d L 3

i = I n

6 2,97 — —

9 2,63 - -

1 2,50 — -

1 .| 2.2 — —
10 2,07 m 10 2,07 m
— — 4 2.65
9 1,70 — 9 1,70 m
6 | 1.62 — —
— — 4 1.59 m
— — 3 1,48
- — 4 1,45
4 1,43 m 4 - 1,43 m
— — 2 1,41
6 1,32 m 6 1,32 m
- — 6 1,31
— — 2 1,29 m
4 1,179 4 1,179 w

E

Photo conditions: Co -
anticathode; d = 57,3 mm:
A =1,78529 kX; I = 11 mA;
U = 37 kV, Exposure time,

13 hours, - Radiation il -

tered, Correction asccord-

ing to combine graph of KC1

and chlorite, Intensity ac-
cording to ten-point mle

* Roentgmstmﬁurnl.
analysis made in the roent-
genostructural analysis
laboratory of the IG and G
SO AN SSSR,

merwinite,v tilleyite, calcite and others, Dimensions of grains vary from 2 to
3 mm and less, Color is bronze-yellow, black streaks, metallic luster, hard-

ness U4, specific gravity 3.6.

© of two modifications: hexagonal and monoclinie,

Usually encountered in small amounts among
the above-described silicate minerals are sul-
 phides of copper and iron -- pyrrhotite, chal- I
eopyrite and graphite, These uinerals are _ |
rather broadly distrﬁmtod es;:ecially pyrrho- | J
ti‘be. However, as small impregnations in the |
silicates and in calcite, they constitute a i
small part of the total volume of the rock (not ‘
over 3% by volume). |

Graphite -’C. The mineral forms a thin,
flaky aggregate in association with tridymite
(cf abeve) The size of these minersl asaoci-
atﬁnns rarely exceeds several lnmdredths of 2
millimeter, Color of graphite is steely-black,
dull luster, hardness 1, has pronounced double
reflection and distinct anisotrophy.

Pyrrhotite - Fel S, Intheeontaetm
erthemntnssﬁthenimulisammm

Pyrrhotite does not form separate crystals; it
is observed in the form of fine impregnations

of grains of irregular form or aggregates of
several grains, It is associated with spurrite,

Discloses imperfect cleavage, In the polished



'sections it has strong anisotropy and yellow-rose coloration, When scoured
in HF vapors weakly expressed;‘ sharply-angular laminations are exposed in
individual grains or in portions of grains; this is developed in two mutually
perpendicular directions,

The interplanar distances of pyrrhotite, represented by a combination of
monoclinic and hexagonal modifications, are given in Table 9,

The interplanar distances of the monoclinic modification agree rather
well with the data quoted by E, N. Yeliseyev on the momoclinic pyrrhotites of
the USSR, Likewise very characteristic is the cleavage of lines on debsyegrams
of Anakit pyrrhotites, a fact which might indicate the presence of monoclinie
modifications (8 - pyrrhotite) [12], |

Spectral analysis shows the presence in pyrrhotite of Ni, Co, Cu, Ga in
the amount of 0.3 - 0,0016,

W- Gn!‘asz. The mineral forms small, irregular growths or ag-
gregates of individual grains whose dimension rarely exceeds 1 mm, The color
is brass yellow, black and greem streaks, nétallic luster, hardness 3, very
brittle, The presence of chaleopyﬂte in marbles of the contact zone of the
nassif is supported by data obtained from spectral snalysis?) of the momomine
eral fractions of this mineral; it showed the presence of large amounts of
copper, iron, and sulphur, Also present, but in small quantities, were Co,

Ni, V and other elements, Chalcopyrite is extensively associated with the same
minerals as pyrrhotite, Occurs very commonly,
tural Relation s of eral s

The internal structure of calcium silicate isolations in marbles is very
interesting, Two groups of such isolations stand out rather clearly insofar
as structural pecularities are concerned: with the central wollastonite "nu-
cleus" and without the wollastonite "mucleus.

1) Spectral analysis made in the spectral analysis room of IG and G SO
- Ssgl)l' Spectral analysis made in the spectral analysis room of IG and G SO
AN SSSR,
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Isolations without the central wollastonite mucleus having, as we already
mentioned, laminated, irregular lens-shaped, nodular or veined appearance are
usually made up, in the interior portions, of merwinite, which forms coarsely
isometric, tablet-shaped or irregular polysynthetic twinned grains, not in-
frequently with simous boundaries. Merwinite always contains rumerous poiki-
litic ws of prixmatic and circular grains of melilite, The peripheral
parts of the isslations consist of slongated tablet-like or irregalar poly-
synthetic twi:mod grains of spurrite, which also contain inclusions of meli-
lite but in msaller quantity, Merwinite apparently forms somewhat later than
does spurrite and melilite because the latter are sometimes attacked by mer-
winite with partial replacement and form resorbed poikilitic ingrowths in it,
Worthy of attention is the fact that the content of melilite increases from
the edge portions of the isolations toward the center, i.e,, the amount of it
increases in associati.on; with merwinite, Another characteristic is that in
associations with merwinite melilite contains a large amount of akermanite
molecules (cf, sbove). Sometimes, melilite forms virtually a monomineral ac-
cumulation inside the essentially merwinite section of the rock (ef, Fig, 12).
All of the above listed minerals contain ingrowths of pyrrotite [and chalcopy-
rite], which are more or less uniformly scattered throughout the rock, and they
are encountered also in isolations of calcic silicates and in marble.

Here and there spurrite is replaced by tilleyite which forms large por-
phyroblasts or reactional borders appearing on the boundary between spurrite
and calcite (cf, Fig. 9).

Isolations with a central wollastonite muicleus have quite a different
structure, Thin-crystallic wollastonite nuclei are surrounded by concentric
rims of tablet-like grains of spurrite, radially orientated to the boundaries

of the miclei, The peripheral part of the rim is made up of tablet-like small
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grains of merwinite. Tied in spatially with spurrite and merwinite is melilite
which forms poikilitic inclusions; its amount in this case is alsc not a con-
stant quantity; it increases in associations with merwinite, Pyrrhotite is
also universally present, In the internal portions of the rims and directly

in contact with the wollastonite nuclei, spurrite not infrequently is inten-
sively raplaced hg tilleyite uhich i‘oms eomparativaly large (up to 1 cm in
cross aocts.on) ooaruly isouetric porphymblasts rich in relict, resorbed grains
of spurrite (cf.‘Fig, 8).

The details of the internal structure of the isolations are clearly re-
vealed on the exposed surface of marble, On exposure, calcite, spurrite, and
tilleyite disintegrate more readily than merwinite and wollastonite, and in
their place there are formed pits in the marble, The spurrite and tilleyite
are covered over with a vhite floury deposit and they stand out clearly against
the background of gray, nsdiml grained marble The merwinite forms dark pro-
trusions, ‘borders and rins, while wollastonite portions -~ of the mcleus --
form white or rose colored concentric projections inside the spurrite (cf, Fig.

5).
Table 10

Results of Chemical Analysis of Contagt-netamrphic Rocks
(percentile weight)
~ sio, | Tio, | a0, | Feo Fe,0,| MnO|MgO] Ca0 |Na,0lKa,0| H,0 Other Total

25,55{ 0,07} 0,8]0,68] 1,44/0,02{2,60|57.56] Het| Her|0, 14 : 10,19{399,05,
o 125,08 0,05{ 1,27[0,79} 0,42i0,03]2,5956,33| Het| Her/0,16 12,71 99.43§

reinite-nelg 7o 0,25 5,08]1,02| 0,94/0,08(5.84]50,10] He1]0,08l0. 14, 7 &5 :
-4%3%e rock ? | I er | T.5399,76:
[HET H Honej
* Chemical analysis made in the chemical-analytical labora-
tory of IG and G SO AN USSR,

The chemical composition of certain types of contact-metamorphic rocks is
illustrated in Table 10, In all of the analyzed rocks there was a certain ad-
mixture of melilite, calcite, tilleyite, cuspidine, pyrrhotite and other,
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Metamorphism of Dolomitic Marls

In the western contact zone of the asymetric apophysis of the Anakit
intrusion there is an extensive development -- as is the case also in the
eastern contact zone -- of marbles containing spurrite, merwinite, tilleyite,
melilite and other, They have approximately the same structural-textursl
peculiarities as the previously described metamorphic rocks, However, in
the marbles of the western zone there mwlﬁyérs, ‘ylmtﬂs, and thin horizdns
of monticellite-malilite and monticellite rocks, ‘fm which monticellite and
melilite or monticellite alone are the basic components of marble apart from
calcite (Fig, 12), Apparently, these rocks were formed in the contact meta-
morphism of dolomitic marls or silicious dolomites forming thin layers in
the part of the Kochumdeks formation,

Rocks of the western contact zone have a mottled appearance due to the
dark gray to black color of silicate isolations on a light gray background
of medium to fine grained calcite marble, Silicate isolations (spurrite-
merwinite-tilleyite-melilite) that are striated, lens-shaped, nodular or
veined in appearance are grouped togsther in a difinite horizon, forming a
coarsely striated texture similar to the one described in the previous chap-
ter. Monticellite-melilite and monticellite marbles are light gray in ap-
pearance and differ little macroscopically from pure calcite marble, They
~ form layers 20 - 50 cm in thickness in the coarsely striated, essentially
spurrite-melilite-merwinite rocks, The overall trend of layers coincides
with the strike of unchanged marls bsyond the limits of the aurecle of con-
tact metamorphism of the trappean massif, The thickness of the western
contact zone is 12-13 m,

Given in the following are the characteristics of monticellite and
melilite -~ the main silicate minerals of marble formed from the metamorphism

of dolomite marls and siliceous dolomites,
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Monticellite -- CaMgSi0,,. This mineral forms fine, scattered irregular
grains or coarse prima;tic crystals (Fig. 13). | Th§ grains are colorless or
dull gray colored and are rarely larger in size than 0.5 mm, The mineral has
a glassy luster, hardness 5, Imperfect cleavage is observed along (010), The
plane of the optical axes is parallel to (001), axis Np coincides with {o10].
Orientation of pole of cleavage of monticellite relative to optical indica-
trix following determination on the Fedorov universal stage proved "'tn be as

follows: '

Cleavage along (010)

Ng:%o
NR:QOO
¥ = 0°

The angle of optical axes of the mineral is 75°, negative, Indexes of
refraction sare as follows: Ng = 1.661 + 0,003, Np = 1,649 + 0,003, Ng-Np =

0.012,

. "‘{’ &Y;;jz' foe e X
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Fig. 12, Melilite-monticellite rock. The melilite forms short,
prismatic crystals in the calcite. Monticellite (Mont)
in the shape of irregular grains, Crossed nicoli,

Mag, 32,
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Fig. 13, Irregular grains of monticellite (M) in associations with
melilite (dark short prismatic crystals) and calcite (Cal).
Nicoli crossed, Mag, 32,

The amount of monticellite >1n monticellite marble is usually not great and
does not exceed 25 - 0%, more often - 10-156, It associates spatially with
melilite (almost pure akermanite) and occasionally mostly irregular shaped
grains of merwinite. Monticellite is partially replaced (and sometimes en-
tirely) by irregular or tablet shaped, polysynthetic twinned grains of mer-
winite. Sometimes, one can observe resorbed grains of monticellite included
a5 poikilitic ingrowths in the irregular grains of merwinite, Tilleyite,
pyrrhotite and other grains occur at random in this assocliation,

The interplanar distances of monticellite, reontgenoscopically determined,
are given in Table 11,

Melilite (mineral closely related to akermanite) -- (Ca, Na)z(Hg, Al),
(si, A1) 0. Tetragonal system, Mineral forms short-columnar, isometric or
irregular grains (cf, Figs., 12, 13), usually closely associated with monti-
cellite and merwinite if the latter is present, Dimension of individual grains
2-3 mm in cross-section. Color of mineral gray-white, dull gray, Mineral
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semi-transparent, glassy luster, Hardness 5,

Cleavage manifested clearly along (001), This mineral differs from the
previously described melilite observed in associations with spurrite, merwinite,
tilleyite and others by a somewhat lower index of refraction and somewhat higher
double refraction: Nm (greater index of refraction) = 1,643 + 0,003, Np (lesser
index of refractioh) =1.638,+ 0,003, Nn-Np  == ‘0;005.’ Sign of elongation nega-

The mineral is usually characterized by a uniform structure, Zoning ab-
sent, If p:besent, merwinite sometimes ;Qirtiallf diéintegrates the melilite
grains, In its optical properties, the mineral is classed as melilite with a
high content of akermanite molecules [58], | containing heienite, not exceeding
15%. Thus, in associations with monticellite, melilite contains somewhat less
helenite molecules than in associations with spurrite, merwinite, tilleyite
and other minerals formed in tha metamorphism of essentially calcarecus marls, :

Pyrrhotites are encountered as insignificant admixtures in monticellite
and monticellite-melilite marbles, |

.Structural Relationshivs of Minerals
In composition, as in its structural characteristics, isolations of cal-

cium silicates (spurrite, merwinite, tilleyite and others) found in the
marbles of the western contact zone near the asymmetrical apophysis of the
Anakit massif are very similar to the same kind of isolations found in the
marbles of the eastern zone, The obvious difference in these isolations (of
the western exocontact spophysis) is the absence of wollastonite "muclei™
surrounded by radially-orientated, tablet-shaped grains of spurrite which are
rather commonly distributed in the marbles of the eastern contact zone (cf,
above), Another peculiarity is the somewhat more widespread development,

compared with the eastern contact, of tilleyite which forms large porphyroblasts
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or reactional rims, We should also note the abundance of varied secondary

minerals, mainly products of hydrothermal activity, which replace the mineral

complexes of the metamorphic stage, A detailed account of the relationships

of monticellite and melilite to other minerals was given previously in dis-

cussing their characteristics,

Calcite, monticellite, and merwinite are not

encountered together with spurrite,

Table 11

Results of Roentgenostruc-
tural Analysis‘of Monticel-

lite

d d
I —a Ve —_

a 8
3 4,16 1 1,539
4 3.62 3 1,498
2 3,14 2 1.4
3 3.08 b3 1,386
6 2,88 2 1.350
10 2.65 1 1,222
5 2,57 1 1.270
4 2,38 3 1,204
8 1.810 3 1,157
3 1,761 1 1,123
3 1,714 1 1,112
6 1,590

Photo conditions: Mo -
anticathode: D = 57.3 mm;
A =1.5’+2k1; I=6M= U=
30 kV, Radiation filtered.
Exposure time 5 hours, In-
tensity according to the
10-point scale,

* Roentgenostructural
analysis made in the roent-
genostructural laboratory
of Tomsk State University.

truded later on (cf. above).

Metamorphism from Calcarecus, 'Linegl'ﬁ;g-
Dolomitic, and Dolomitic Aleurolites and

Sandstones

The sandstones and calcareous, limestone-
dolomite or dolomitic sandstones gradually
changing over to sandstone, sub-dolomitic
limestones, as well as calcareous, limestone-
dolomitic and dolomitic aleurolites, argillites
and marls with thin layers of practically pure
argillites, containing virtually no admixtures
of carbonates occur in the central portion of
the Anakit cupola upheaval; it is of the upper
Ordovician period (0361). Such sandstones and
aleurolites with layers of argillites make up
the eastern portion of the bloc of Silurian
and Ordovician rocks, separated from the re-
maining sedimentary layers by a mumber of tec-

tonic disturbances through which the traps in-

The western part of this block, as we have al-

ready indicated, is made up of striated marls of the Kochumdeks formation

(S ktch) (ef, Fig, 4), The rocks in this block were metamorphosed in the




contact zone of the Anakit massif which were converted into varied striated

hornfels, Although the visible thickness of Ordovician deposits, which make

up the eastern portion of the block, vary from 60 to 65 meters (the overall
thickness-width of the block amounts to 100 meters), nevertheless all these
rock are deeply metamorphosed and ordinarily do not contain relict minerals,
This is apparently explained by the abundance of trappean (dike-like) apophyses
which contact the block not only on the eastern and western tips but also
penetrate into the internal portion intruding as varied veined and irregular
bodies mutually ties in with one another and with the Anakit massif, One of
the peculiarities of the traps which penetrated into the block is the abund-
ance of various kinds of xenolites of enclosing hornfels, Their dimensions
vary within broad limits: from parts bf a centimeter to several meters, Usually
associated id.th then are }Ubrid formations represented by shonldnite, pyroxene-
 va = _These. rocks, closely tiod m

| @atiﬂ._};; olerite-pe —ies ferrogabbms dolerites and granoplvres.' |

are fcmﬂiaasmlations of ,».hsiufels magma which appeared as a resalt of
metamorphism of deposits of the Dolborskaya formation, The composition of the
hybrid rocks is somewhat related to that of the assimilated hornfels, For
example, the assimilation of potassium from hornfels containing phlogopyte and
sandinite exerted an influence on the formation of hybrid shonkinites, although
the main portion of KZO is probably of magmatic origin, The increased content
of Ca0 in hybrid shonkinites and pyroxene-feldspar hybrid rocks with which
the shonkinites are tied by mutual transitions is explained by the assimilation
of the magma of wollastonite, wollastonite-pyroxenite, pyroxenite-plagioclase
and other hornfels,

Hornfels rocks making up the eastern part of the block of the Paleozoic
rock mass are observed in the form of numerous platform bedrocks on the right

bank of the Lower Tunguska River about 100 meters below the mouth of Vostochnyy
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Creek (ecf, Fig. 4)/. The total area taken up by the hornfels is 3,500 mz. A
large portion Jof the bedrock hornfels, as is true of the spurrite-merwinite
marbles, is located in the flood plain of the Lower Tunguska River, and are
therefore completely flooded during high water,

Hornfels are very typical rocks and can be seen some distance away because
of the besutifully expressed striated texture manifested in a contrasted com.
bination of alternating light and dark bands, Hornfels, as a rule, are broken
up by several (3-4) systems of parting joints which, incidentally, have the
same elements of occurrence or bedding as the parting jo}ints 'of traps, Be-
cause of the well expressed horizontal and vertical systems of cleavage the
outcroppings of hornfels are step-like in character, a fact which makes it
possible to expose in all its details the textural peculiarities of these rocks,

The hornfels in the main nss are dense, fine-grained and brittle rocks
with stmteé—fomﬁon. The eelors vary, changing fron whit.e ﬁhitish-gray '
or yellowish to dark gray, bl&ck or brownish-red, The nature of the coloration
is governed by the mineral composition of the rocks, The plagioclase, wolla-
stonite, wollastonite-plagioclase, plagiocla se-diopside and other hornfels are
usually of a whitish color, whereas rocks in which the pyroxene contains a
considerable admixture of hedenbergite are usually darker or black in color,
Hornfels containing phlogopyte are characterigzed by a brownish-red or a brownish-
cherry red coloration,

Striation in the rock is very clearly expressed and conforms with the
strike and pitch of the metamorphosed Silurian-Ordovician deposits within this
enclosing rock mass block (ssparated from the substratum by disjunctions), The
striations stand out clearly because of the nature and intensity of colorations
which have marked boundaries, The structure within the limits of the differ-

ent bands does not change substantially, remaining fine grained (down to




micrograined), The striated structure of hornfels rocks is due to the clearly
expressed, sometimes rhythmic, alternation of thin horizons, layers, lenses,
irregular linearly extended isolations, spots and the like, varying in compo-
sition, The thickness of individual bands changes from fractions of a centi-
meter to one or more meters, although the predominating width of the bands is
within the interval of 10 - 30 em (Fig, 14), Sometimes within the band one can
observe very fine lenses (2-4 mm) and chains of small lenses, as well as thin
layers of some other composition than the hornfels which inclose them, and
these are oriented in strict conformance with the strike of the overall stria-
tion of metamorphic rocks, Mottled textures are extensively developed among
the phlogopite-containing rocks,
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Fig. 14, Surface erosion of striated hornfels. Right
bank of the Lower Tunguska River.

Two types of hornfels stand out rather clearly insofar as mineral composi-
tion is concerned, The first of these are the hornfels containing sanidine,
phlogopite, quartz (or tridymite), diopside with an admixture of basie plagio-

clase, andalusite, pyrrhotite and others, Included among the second type are
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hornfels containing pyroxene (a mmbery of diopside-hedenbergites), wollastonite,
plagioclase, quartz (or tridymite), with an admixture of calcite, pyrrhotite
and magnetite, The first kind of hornfels are distributed, mainly, in the
eastern part of the block of the Paleozolic deposit, whereas the hornfels of

the second type make up the central part of the block, and are directly on the
boundary with the metamorphosed marls (cf, Fig, 4). Among the hornfels of the
first type we find interbeds of the second type of hornfels and vice versas
however, the tendency noted above is expressed rather distinctly,

In the following we present the characteristics of the basic silicafe
minerals that make up the hornfels,

Quarty, tridymite -- 510,. Quartz in hornfels is encountered in the form
of individual, irregular grains or aggregates of grains whose dimensions change
from fractlons of an inch to 2-3 mm, The grains are usually chunklike in ap-
pearance, being angular, saiangular or rounded forms; they are relict, terri-
genous materials of primary Qdinantary rocks, Quartz has a glassy luster and
is transparent, Cieavages absent, hardness 7, Optical properties: optically
positive, single axis; indexes of refraction: Ng = 1.553 + 0,003, Nm = 1 544
4+ 0.003. Roentgenostructural analysis of the mineral showed a Debayegram
identical to a - quartzl),

In the process of metamorphism, quartz usually undergoes a rumber of
changes, It is characterized by a wavy extinction or disintegrates into
blocks having a varied optical orientation. The boundaries of such blocks
inside the grain of quartz are uneven, sinuous, and often serrate. Aggre-
gates of quartz grains are converted into a microgranoblastic mass in which
the primary fragments lose their contours, acquiring dentate boundaries at

1) The roentgenostructural analysis was made in the roentgenostructural
analysis laboratory of the IG and G SO AN SSSR,



junctions with one another, In direct contact with the intrusive traps the
grains undergo partial rheomorphic fusion, becoming altered into a glass-like,
amorphous material, In this, apparently there is simaltaneous fusion of the
clayey materials in the sandstones and aleurolytes containing quartz fragments,

It should be mentioned that the small (1ess than 0.1 mm) quartz grains in
bhornfels are encountered rather rarely. Those i:ndividnal grains or their aggre-
gaf,es, which are preserved in the netauorphosod rocks,‘ appear varied to the
unaided eye, This is apparently explained by the fact that the smaller grains
of quartz cannot exist in hornfels as relict mineral phaées reacting with the
.mmunding carbonate-clay éubs'hances in the process of metamorphism,

In the most common instance the aggregates of quartz grains form small
Jens-shaped isolations arranged in conformance with the banding of the hornfels
and are concentrated into chains, The. dimension of the lens isup to 1 em in
length and 1-3 mm in width, Sometimes one ’f.’mds: larger sections of jrregular
or lens-shaped forms with dimensions up to 3-+ cm, Ordinarily, quartz in such
isolations has a granoblast-dentate structure, although now and then fragmented
forms of the grain are clearly preserved, In asscciations with quartz, we find
wollastonite, diopside, plagioclase, phlogopite, sanidine, andalusite and
others, Sometimes relict calcite is observed together with wollastonite and
quartz; it serves as the cementing material for the terrigeous fraction in the
non-metamorphosed rocks,

" Iridymite in hornfels is found very rarely in the form of a thin, scaly
fringe on the fragmentary grains of quartz or in independent microcrystallic
aggregates in associations with wollastonite, Tridymite is easily distinguished
by its optical properties -- low double refraction and its indexes of refraction:
Ng = 1.475 + 0,003; Np = 1,471 + 0,003; Ng - Np = 0.00%, The mineral has a

straight extinction in tabular grains and negative elongation, The dimension



of individual scale-platelets of tridymite is not great and never exceeds a few
hundredths of a millimeter, In the platelets one can sometimes observe circu-
lar inclusions of wollastonite, In general, laminated crystals of tridymite
are found rather infrequently; more often the mineral forms growths of fine,
coarsely isometric and irregular grains with simous outlines,

Anda]lusite -- AlZSiOS. The mineral is found very rarely in assoclations
with quarte, basic plagioclase and phlogopyte in mottled micro-grained hornfels
consisting of sanidine, phlogopyte, plagioclase, and pyrrhotite. The presence
of andalusite in these rocks by no means testifies to the existence of lower
temperature than those which occur under conditions of a sanidinite facies of
metamorphism, because here, apparently it is a relict, metastable mineral
phase (cf, below),

Andalusite forms very small needle-like or coarsely prismatic elongated
crystals whose long dimension is not over 0.1 mm, Characteristic of the latter
are simwus, not infrequently "laced" boundaries, The mineral is colorless or
has a weak pleochroism from colorless (Ng) to rose colored (Np), Characteris-
tic is an intersecting perfect cleavage in two directions, the plane of opti-
cal axes is perpendicular [010], axis of Np coincides with [001]. Elongation
is negative, straight extinction, angle 2V = - 79° . < v, Indexes of refrac-
tion: Ng = 1,644 + 0,003, Np = 1,634 + 0,003, Ng - Np = ,010-.011,

Orientation of optical indicatrix of andalusite with respect to the cleav-
age pole (110) after determination on the Fedorov universal stage was as
follows:

 cleavage with respect to (110)

Ng:hso
Nm = 45°
Np = 90°

The mineral is not stable in the process of subsequent hydrothermal action

and is replaced by thin-scaly sericite,
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Wollastonite - CaSIOB, Wollastonite is found chiefly in diopside-wolla-
stonite, diopside-wollastonite-plagioclase, and plagioclase-wollastonite horn-
fels, Sometimes it forms thin, almest monominersl -- wollastonite intercala-
tions in the above indicated rocks in thicknesses from 1 to 3 mm,

The mineral forms tabular, well formed crystals 1 to 2 mm long, elongated
to the second czyshllographie ax:!.s or aggregates of several grains, In solid
masses we find coa.rsaly tabnlar. irregular tnd isometric grains of saller di-
mensions,

Color white, yellowish, Glassy luster, hardness 4 - 5, Specific gravity
2.8 - 29, -

The mineral has perfect cleavage along (100) and good cleavage along (001).
Twins, usually straight along (100), are encountered rather rarely,

The optiecal characteristic of wollastonite from hornfels is similar to that
of wollastonite described in tha previous chapter The roentgenogram of this
mllastonite is almost completely identical to that given in Tsble 7. There
is some difference only in the indexes of refraction of the mineral: Ng =
1.632 + 0.003; Np = 1,620 + 0.003; Ng = Np = 0,012; 2V = =3%°, r> v. In asso-
ciations with pyroxene in which there is about 60% hedenbergite, the wolla-
stonite has the following indexes of refraction: Ng = 1.639 + 0.003; Np =
1.626 + 0,003; Ng - Rp = 0.013; 2V = =%°, r> v. The somewhat higher indexes
of refraction in this case are apparently explainod by the entry into wolla-
stonite of a small amount of ferresilicate,

In micrograined hornfels with pyroxene and plagioclase wollastonite is
more or less uniformly scattered through the rock, having a microgranchlastic
structure, In some, essentially diopsidal, hornfels wollastonite forms sepa-
rate, well-defined tabular grains having larger dimensions than the basic
diopsidal, granoblastic mass (Fig. 15). These grains can be regarded as por-
phyroblasts, Along with this, wollastonite forms small growths of grains
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appearing like circular isolations or spots, which causes the glomeroporphyritic
structure of the rock, These spots are sometimes extended in shape and are con-
fined to definite horizons in the hornfels that are oriented according to the
striations (Fig, 16).
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plagioclase rock, Nicoll crossed, Mag, 32,
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Fig. 16, Isolations of wollastonite (white) in pyroxene-plagioclase
hornfels, On the left the section is essentially sanidinite
rock (gray). Polished lump of ore, Natural size,

In hornfels the wollastonite associates with pyroxenes of the diopside-

hedenberg series, plagioclase of variable composition, pyrrhotite and magne-

tite. Sometimes, it is found with large, corroded grains of quartz and
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calcite (this association, no doubt, is unstable in the conditions of the facies

under consideration and is preserved only in consequence of the fact that the
metamorphic reaction is not complete emough (cf. below).

Eyroxenes of the diopside-hedenbergite series —- CaMgSi0, - CaFeSij.
The mineral of this series is the most common constituent of hornfels rocks,
Diopside and hedenbergite mix together in all pmpartions. forming virtually

pure terminsal -~unb'ers'of the isonox;phic éellias, as well as vaﬁoﬁs transitﬁnmi

forms of sahlite and ferrosahlite compositions,

Well-formed crystals are not encountered at all: ordinarily, one observes
micrograined aggregates formed together with certein other minerals in rocks
of granoblastic structure (cf. Fig. 15). The size of the pyroxene grains does
not exceed 0.1 - 0,4 mm, The color changes from gray or white (for diopside
varieties) to dark green and black. Glassy luster, hardness 5-6, Brittle,
Perfect cleavage along primm (110) is characteristic, Twins rare and are en-
countered only in conpa;ratively lafge grains,

The first pinacoid usually serves as the twinning composition face,

The optical constants for diopside are the following, Indexes of refrac-

tion: Ng = 1,695 + 0.003; Np = 1.667 + 0.003; Ng - Np = 0,028; 2V = +57°,
r > v; angle cNg = 38°, Plane of optical axes parallel to plane of second
pinacoid. Optical properties of hedenbergite are: Ng = 1,750 + 0,003; Np =
1.723 + 0,003; Ng - Np = 0,027; 2V = +63°, r> v; angle cNg = 46°. These data
indicate that the content of diopside in hedenbergite [9, page 407] is not in
excess of 5 - 8%,

The orientation of the optical indicatrix of hedenbergite with respect to

the cleavage pole after determination on the Fedorov stage is as follows:

Cleavage along (110) Cleavage along (010)
perfect
Nm=44° Nm=0°

Np=61° Np=90°

53




‘Sahlite and ferrosahlite pyroxenes have intermediate optical properties between
the two extremes of the series described., The interplanar distances of diopside
and hedenbergite are given in Table 12,

The pyroxenes are usually found in associations with plagioclases of vari-
able composition, wollastonite, quartz, and pyrrhotite, Diopside sometimes
associates with phlogpyte and sanidinite and is never found together with pyrrho-
tite. Magnetite is not infrequently encountered togsther with sahlite varieties,
In the skarn stage and in the process of hydrothermal activity the pyroxenes
are partially or completely displaced by magnetic ore, hornblends, prehnite,
chlorite, and others,

Table 12

Results of Roentgeno structural Analysis of Pyroxene*

Diopside | Hedenbergite " Diopside { Hedenbergite

ARSIy
s !

d e d - d
! —2 1 —a 1 —e 1 -z
n n : n n

-1 4,15 1 4,10 1 1,681 2 1,686

1 3.38 — — 10 1,606 7 1,639
b 3.25 5 3,26 2 1,560 2 1,579

10 3,01 10 3.03 2 1,530 1 1,532

3 2,91 3 2,94 5 1,494 1 1,502

I 2,79 4 2,71 4 1,412 2 1,419

2 2,58 8 2,58 8 1,334 5 1,320

10 2,54 8 2,54 7 1,286 9 1,286

1 2,39 1 2,47 6 1,265 4 1,264

3 2,32 2 2,32 ¢ 6 1,252 4 1,257

2 2,22 2 2,23 § 3 1217 - —
5 2,12 3 2,15 4 1,176 - —_
3 2,054 3—- 2,050 | 5 1,150 1 1,158

3 [2,024 2 2,000 - 10 1 074

4. 1,845 1 1,819 fi 7 6 1,052

4 1,760 2 1,758 S 1,042

4 1,733 1 1,736 |

7 "Photo conditions: Cu - anticathode; )\ = 1,537 kX;
=10 mA; U = 35 kV. Radiation filtered. Survey made
on diffractometer URS-504. Intensity according to the
ten-point scale

* Roentgenostruetural analysis performed in
the laboratory of Roentgensstructural analysis IG
and G S0 AN SSSR,




Filogopite -~ KMgySi A0y, (F, OH),. This mineral is encountered in in-
dividual, rather small flakes or flaky aggregates in associations with sani-
dinite, diopside, plagioclase, and others, The dimension of individual flakes
rarely attains 0,5 - 0.7 mm and more often it 15 0,01 - 0.1 mm, The color
is reddish brown to red. Glassy luster, perfect cleavage along (001) is charac-
teristic, , ‘

The optic axial plane is parallel to (010), Optically, slightly biaxial,
Index of refraction: Ng = Nm =1.593 4 0,003; Np = 1,557 + 0.003; Ng - Np =
0,036. Some varieties have the following indexes of refraction: Ng = 1,602
+ 0,003; Np = 1,564 + 0,003; Ng - Np = 0,038, This is probably explained by
a certain isomorphic admixture of iron in the phlogopite, The Dabayegranl) of
Anakit phlogopite is absolutely identical with the standard phlogopite cited
in the mammal by V. I. Mikheyev [ 31, page 776].

We have alresdy indicated that phlogopites containing hornfels are usually
characterized by a mottled texture (Fig, 17), The boundaries of such spots are
rather clearly expressed. The mottled texture is due to the large concentra-
tion of phlogopite in individual portions of the rock, whereas in concentrated
sections of the mineral there is considerably less. The amount of phlogopite
in such spots can be as mich as 50% of the total, The dimensions of the spots
are varied and can be measured in meters (in cross section), They are circu-
lar, lens-shaped, or in-eéular in outline and extended according to the stria-
tions in the hornfels,

The mineral is quite stable, but under some circumstances it is replaced
intensively by a yellow-green chlorite,

The plagioclases. NaAlSiBOB - C&AZLZS:LZOB series, Among the hornfels the
composition of the plagioclases is quite varied, Found as the basic

1) Roentgenostructural analysis performed in the laboratory of Roentgeno-
structural analysis IG and G SO AN SSSR,
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Fig. 17. Isolation of phlogopite (dark) in sanidine-plagioclase-
diopside hormfels, Prenitization is clearly manifested
(white spots). Polished piece of ore, Natural size,
representatives of this series are anorthite, as well as the median representa-
tives -~ andesine-labradorite, Plagioclase is one of the most widely distributed
mineral components of hornfels, Usually forms very small, circular or irregu-
lar grains with simuous edges, which form a microgranoblastic structure, Some-
times encountered are small, coarsely tabular grains, Polysynthetic twinning
is a characteristic of the mineral, Plagioclase has a distinctly expressed
high temperature characteristic which is demonstrated by projecting the poles
of the twinned composition plane on the diagram of crystallographic feldspar
directions referred to the optical indicatrix axes, It appears that the pre-
ponderant mass of the composition plane poles drops in the vicinity of the high
temperature curves according to Zavaritsiiy, Sobolev, and others [14] or Van
der Kaaden [94].
The mineral is colored white or pale yellow, Glassy luster, Cleavage is
good in two directions: along (001) and (010). Grains not over 1 - 1,5 mm in

size,



In the hornfels rocks plagioclase associates mainly with pyroxene, wolla-
stonite, quartz, and phlogopite. It is rarely found with sanidinite, andalusite,
pyrrhotite, and others, Characteristically, in association with wollastonite
and andalusite plagioclase is represented, for the most part, by the basic vari-
eties, although in some instances medio-plagioclase is found together with
wollastonite, In phlagopite-sanidinito rocks the plagioclase is represantod
by andosine-lahradiorite No h5 55, but hero e also find the richer anortite
varieties,

Texturally, plagioclase hornfels are characterized by a clearly expressed
striation, and massive textures are rarely observed, The texture is emphasized,
in places, by a vaguely expressed micro-striated structure of plagioclase-diop-
side, plagioclase-diopside-phlogopite-sanidinite and other types of hornfels,

Sanidine -- (K, Na) AlSi308. The mineral forms irregular or tablet-shaped
grains a.long (019'), the dimensions of which vary greatly -- from fractions of
a millimeier to 4 - 5mm, The mineral is colorless or white; may be pale yellow
or light brown, Iuster glassy to dull, Hardness 6, Perfect cleavage along
(001) and (010), Specific gravity 2.55.

The optica axial plane of sanidine and the Ng axis are perpendicular to
(010), The Np axis forms with the third pinacoid pland an angle of 7 - 8°,
Optical sign‘ negative, Small optical axis angle, less than ho°,' r>v, In-
dexes of refraction: Ng =1.525 + 0.003; Np = 1.5.9 + 0,003; Ng - Np = 0.006,
Not infrequent one finds simple twinming according to the Carlsbad law, In-
terplansr disiancés of sanidine are given in Table 13, The mineral contains
insignificant amounts of sodium -- this is confirmmed by spectroscopic analy-
sisl) .

Sanidine is usually found with phlogopite, diopside, plagioclase, and
other minerals, In rocks it often forms large pophyroblasts of rather uniform

1) Roentgenostructural analysis made in the roentgenostructural analysis
laboratory of IG and G SO AN SSSR,
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Table 13
Results of Roentgenostructural Analysis of Sanidine*

d d d d
- 1 -— I -—a -—
n n n n
2 4,82 1 2,87 1 2,08 1 1,596
3 4,29 1 2,79 3 2,03 1 1,573
0.5 4,03 1 2,7 3 1,983 2 1,538
6 3,86 6 2,61 1 1,937 3 1,510
1 3,69 6 2,56 2 1,855 S 1,454
© 3 3,52 1 2,41 4 1,810 4 1,434
-9 1 3,34 1 2,34 2 1,777 2 1,416
10 3,28 2 2,18 2 1,726 2 1,373
9 3.03 3 2,15 1 1,676 :
-5 2,96 4 1,635

PB’Eto eondiﬁons: Cu -~ anticathode; A = 1,537 kX;
I =10 mA; U = 35 kV, Radiation filtered. Survey
made on diffractometer URS-501, Intensity according
to the ten-point scale,
* Roentgenostructural analysis performed in the
laboratory of Roentgenostructural analysis IG and G
SO AN SSSR,
erystallographic profile with mmerous inclusions of rounded grains of diopside
and phlogopite (Fig. 18). Also forms solid gramilar masses with up to 80-90%
of sanidine (volume percent), These areas enriched with sanidine form bands,
lenses or irregular isolations in hornfels, In rocks sanidine is quite stable;
it is usually water transparent. In the process of subsequent changes it may
be replaced by prehnite,

Apart from the silicate minerals, as we have already mentioned, pyrrhotite
and magnetite are found in hornfels, The pyrrhotite is similar in properties
to the mineral described in the chapter dealing with the metamorphism of marls,
It is represented in two modifications: hexagonal and monoclinal. The mineral
forms a shallow impregnation or small lenses (5 x 2 mm) which are oriented along
the striations in the hornfels, The magnetite also forms shallow impregnations
of cubical or octahedral crystals, mainly in the pyroxene-containing hornfels.
Both these minerals are replaced in separated parts of the rock with hematite

and ferric hydroxide,




Hetano_z;ghim of Pyroxene-Hornfel s Facies

Metamorphiamm of Marls
As we previously indicated, the contact metamorphie complex of marbles and
hornfels of sanidinite facies was formed in the immediate vieinity of an incur-
rent canal of a trappean intrusion; testimony of this comes from the data on

-
*
i

oL
N PR K

S
<RI ki s e

. CRT ST .

K]
- 3

e Va0 F A e g e

yse

i S LR e

Fig, 18, Crystals of sanidine (1ight - S) 4n plagioclase-diopside-
phlogopite hornfels, Nicoli crossed, Mag, 32,

Somewhat farther away from the incurrent canal, in contact with the stratum
portion of the Anakit massif, there is formed a mineral association which points
to the lower temperatures of the contact metamorphims, and corresponding in its
composition to pyroxene hornfels facies [ 55, 56]). This mineral association is
represented by the forsterite marbles containing as admixtures diopside, wolla-
stonite, phlogopyte and others, The most typical manifestations of this asso-
cilations are found on the left bank of the Lower Tunguska River on the strike
of the horizon of Silurian dolomitic marls which, under the action of the
higher temperature metamorphism, are converted into the previously deseribed




monticellite-melilite marbles, The distance between these two mineral associa-
tions, which are disposed within the same western contact zone of the Anakit
massif but on differing banks of the Lower Tunguska River, is about 500 - 700
meters (cf. Fig. 1), Linearly associating with the forsterite calciphyres are
the banded hornfels consisting of diopside, plagioclase, wollastonite and
grossi:lar, with a sparse admixture of relict (fragmented) quartz, calcite, and
others, }It is here that we find virtually pure layers of caicito marbles,

The zone of contact metamorphisa in the left bank portion of the Anakit
massif is from 3 to 5 meters thick, The main part of the contact is concealed
under the present day deposits, hence the study of the exocontact calciphyres,
hornfels, and marbles called for a certain amount of prospect holes and ditches.
The basic mass of the bedrock of the exocontact is found in the flood plain of
the river, Some outcroppings were found in the vieinity of the mouth of
Trekhosnyy Creek, The eastern contact of the Anakit massif, especially the
near contact rocks exposed on the left bank of the Lower Tunguska River is not
interesting from the mineralogical standpoint, because the contact-metamorphic
rocks developed here are represented by various calcite and dolomitic marbles
with thin margins and veins superimposed by serpentinization.

The forsterite marbles are white or greenish fine-grained rocks of solid
or striated texture, It forms thin layers and lenses in a stratum of non-
forsterite marbles, The thickness of such layers is not over several tens of
centimeters,

Forsterite -- ngsmh. The mineral forms colorless or light green grains,
ranging in size from fractions of a millimeter to 1 - 2 mm, The grains are
rounded or irregular with imperfect cleavage along (100) and (010). Glassy
luster, specific gravity 3,2,

The optical axial plane is parallel to (001); axis Ng coincides with [100],

axis of Np coincides with [010]. Optically positive, 2V = 87°, Rs v, Indexes
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of refraction of forsterite are the following: Ng = 1,670 + 0,002; ¥p = 1,636
+ 0.002; Ng - Np = 0,034, | | |

The mineral is readily disintegrated and is replaced by laminated grains
of serpentine, ehlorits; and others, Associating with forsterite are diopside,
which forms smsll irregular or rounded grains; in its optical propertiés it
cori'ospondg to pure veinlesg members of the diopside-hedenbergite series: 2V =
+ 58°; Ng ‘;“—1.693’;»,0.003;‘5:';; - 1.667 + 0.003; angle cNg = 39°, Found in small
qumtitiesi are fine flaky, reddish brown phlogopites, wollastonite, and pyrrho-
tites, Wollastonite forms white, fine tabular grains whose dimension is under
1 - 2 ma, The amount of wollastonite is under 1 or 2¢ (volumetric percent),
Pyrrhotite forms a rare, fine impregnation,

The stable forsterite calcyphyres are encountered relatively rarely. For
the most part, they are subjected to the action of subsequent processes and
are replaced by serpentine, nmtita (m&g!iésioférrite). chlorite, iron hydrox-
ide, and such, In uny cases, esppcially in areas where skarns are developed,
the presence of forsteﬁte in the original rocks can be judged from the relicts
of this mineral and by other symptoms {pseudomorphism of serpentine, etc).

Metamorphism of Calcareous and Dolomitic Aleurolytes and Sandstones

In the metamorphism of various carbonates containing aleurolytes and sand-
stones of the Upper Ordovician (the Dolborskaya series) in the contact zone of
the Anakit massif there are formed on the left bank of the Lower Tunguska River
diopside, diopside-pl;ginclaso, diopside-wollastonite, and other hornfels rocks’
characterized by a clearly expressed banded texture, On the upper side these
rocks are covered over with metamorphosed marls and limestones of the Kochum-
deks series (Lower Silurian): the pfeviously described forsterite calciphyres,
as well as non-forsterite marbles, belong to this period,

The diopside hornfels are probably the most common rocks in the exocontact
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zone on the left bank, They are characterized by a striated formation and a
granoblastic, irregular grained structure, Standing out are striations and
lenses 3 to 5 wide made up of relatively larger grained aggregates of grains
(0.1 - 0,5 mm in cross section) among the micrograined basic mass, The horn-
fels of this type are usually mono-mineral rocks and contain almost pure
diopside with o small smount of hedenbergite molecules (2-158). Encountered
in the form of an adnixture are eorrddea,'reiicis of quartz and, rarely, pla-
gioclase, |

In the diopside-plagioclase hornfels which form the thin layers among the
diopside hornfels, one finds scattered grains of grossular which appear like a
porphyroblast (dimensions up to 2 mm in cross section), or, together with diop-
side and plagioclase, they make up the microgranoblast basic rock tissue,
Grossular grains are rounded or irregular, color yellow-brown, glassy luster,
specific gravity 3.5, index of refraction N = 1,739 - 1,742, Isotropic in
thin section, and weakly polarized at the edges, Ordinarily in those sections
where grossular is commonly developed we find in increased amounts plagioclase
with the following basic composition bytownite and anorthite. Plagioclase
forms fine isometric or irregular, polysynthetic twinned grains with albite-
karlsbad or karlsbad twinning usually; the twinned streaks are relatively wide
(in grains they are up to 1 mm), Here and there we encounter relict, re-crys-
tallized calcite,

Hornfels change greatly and are subject to skarning processes and hydro-
thermal action, In the direct contacts with the massif, they are often com-
pletely replaced by garnet-andradite or andradite-grossular, diopside-heden-
bergite, magnetite (magnesio-ferrite), chlorite, epidotite, actinolite, and
others,

Metamorphism of Limestones

In the metamorphism of pure limestones of the Kochumdeks series there
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are formed in the contacts of the massif various colored fine- to medium-
grained marbles, Their color varies from white, bluish or greenish to gray-
brown, sometimes with a wine-red tinge due to the presence of mineral admix-
tures of chlorite, iron hydroxides, etc, Occasionally, one finds in the
marbles dolomite, small flaky phlogopite, graphite, pyrrotite, wollastonite,

Marbles have very irregular-shsped grains and are streaky, Occasionally
one finds ae;ﬁae-grain'ed varieties, The structure is usually granoblastie,
not infrequently with clear symptoms of cataclasm, The latter peculiarity is
most clearly manifested in the vicinity of the immediate contact of marbles
and traps where sections of gramulation and brecciation and the like are common,

Textural and Structural Peculisrities of
ntact-M ¢ Rocks

The composition and distribution of metamorphic minerals in exocontact
rocks are explained fully by tha primary distribution of substances and composi-
tion of original cai-bomte;silicoous-argﬂaceous fractions in the mn-netaior-
phosed original sedimentary rocks, The re-distribution of substances in meta-
morphism, apparently, is brought about only in micro-volumes at distances not
over several millimeters, This is demonstrated by the following: by the ine
heritance of streakiness in marls, sandstones and aleurolytes; the inheritance
of external contours of silicilite (quartz - chalcidony - carbonate) concretions
and carbonate-clayey isolations, bands, nodules, etc,, which are a constituent
part of the marls converted into a complex of varied silicates of calcium; by
the inheritance with respect to the distribution and composition of substances
before and after metamorphism, etc, Associations of high temperature minerals
studied 1like the larnite-merwinite-spurrite subfacies in the contact zones of
the massif were formed as a result of a series of successive reactions, chiefly

in the hard phases, with components of clay, free silica, calcite, and dolomite
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(stages of progressive metamorphism). Special emphasis should be placed on the
fact that the composition and structure of metami'phogenic calcium silicate
isolations from exocohtaét marbles is determined by the original composition
and distribution of components in the original sedimentary rocks (the addition
of substances from the intrusion in the magmatic stage is virtually absent).
(Fig. 19). The previously described zonality in the structure of calcium sili-
cate isolations; ’whioh is expressed by the enrichment of their central parts
with melilite and merwinite, was caused by a concentration of clayey (kaolin -
hydromica clays) particles and dolomite (up to 10%) in the internal partions
of the carbonate-clayey layers and nodules of marls, while the edge portions
are essentially calcitic in composition and probably contain a certain admix-
ture of thinly-dispersed free silica in the form of chalcedony or opal recrys-
tallized into quartz; spurrite is formed in these sections in metamorphism,
Zonality of another type, recorded around metamorphozed silicious concretions
and forming horizons in the limestones of the Kochumdeks series, is also due

to the primary distribution of components in sedimentary rock,

Fig, 19, Noduled and veined merwinite-melilite-spurrite isolation
in marble (light gray). Polished rock, Natural size.



Silicilite concretions in metamorphism are replaced by micro-grained
aggregates of wollastonite (similar to the displacement of concretions in con-
tacts with dolerites in Scot Hill [88]). In this instance there appear wolla-
stonite pseudomorphs of concretions with components preserving their internal
contours, The silicious materisl is, in some instances, not completely re-
placed by wollastonite; it is converted into a thily crystallic tridymite ag-
gregate, With wnﬂity of the second type, the free silica is often concen-
trated, during the process of sedimentation, inside the clay-carbonate isola-
tions of marls, forming chalcedony cohcretions; it is replaced in the metamor-
phism of wollastonite. Spurrite rims about wollastonite "muclei" are formed
during the reaction of calcite with silica (both of free and clay minerals);
charactorigticﬂ.ly, the carbonate material around the lithogenic silicilite
concretion always contains increased amounts of thinly dispersed quartz (or
even chalcodoiw) .compared with sections more removed from concretions, although
the boundaries of the concretions, just like the boundaries of the wollaston-
ite "mcleus" which incloses it, always remain sufficiently sharp, The mer-
winite-melilite external fringes around the spurrite rims are formed in the
replacement of clay-calcite-dolomite materials which encase those isolations
in marls containing within them silicilate concretions,

The banded texture of hornfels is also a splendid illustration of the
inheritance of structure of the original Ordovician sandstones, aleurolites
and argillites, The thin, oftentimes rhytimic, alternation of layers of horn-
fels rocks, the analysis of mineral associations pointing to the inheritance
of a chemical composition of the original rocks, and finally, the direct
transition of streaky hornfels into non-metamorphosed, layered rocks of the
Dolborsk series -- all these things indicate there was metamorphism without
a considerable re-distribution of substances in rocks of the contact zones
of the Anakit massif,
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The peculiarities in the formation of metamorphic rocks was established
both on the basis of a study of the original deposits outside the contact aure-
ole of the intrusion and on contact-transfromed rocks associated with the first
mtual transitions,

Spurrite-merwinite and monticellite-melilite marbles are the highest
temperature products of a series of progressive metamorphic conversions of
mineral phases, Tilleyite is formed in the regressive lowering of the tem-
perature from the spurrite in a union with 002. The appearance of a tilleyite
reaction rim around the wollastonite pseudomorphosis between the wollastonite
"nucleus" and the spurrite fringe (this was previously mentioned) is explained
by the increased micro-jointing of this zone which formed the conditions for
the free penetration thither of coz. This also explains the formation here
of garnet and cuspidine rims (cf, Fig, 10) which are formed somewhat later.
Sometimes the absence of rims of tilleyite, cuspidine and garmet, which ususlly
appear together, can be tied in with the poor penetrance of gases and hydro-
thems of a given region if it is without a system of well developed micro-
Jointing,

B, Metasomatic Stage

During the metasomatic stage of contact action (on the enveloping trap-
pean massif rock) garnet-pyroxene skarns and magnetite (ferro-magnetite) ores
are formed, In this stage we have the formation of cuspidine; this, however,
is preceded by the skarns and the ve‘ry’ unusual metasomatic diopside-serpen-
tine rocks which develop as veins in the carbonate-containing Ordovician rocks,

Metasomatic rocks are superimposed on the hornfels and contact metamor-
phic marbles, forming veined or lens-shaped bodies or impregnations of meta-

somatic minerals, Cuspidine is dimensionally confined to those contacts of



the Anakit massif where we find developed marbles containing spurrite, merwinite
and other minerals. Garnet-pyroxene skarns form 40-50 cm veins on both sides
of the asymmetric apophysis of the massif (ef, Fig, 4), or they form lenses
cutting through the veins and veinlets which coinclde positionally with the

same marbles, ‘Horeover,‘ garnets also form metasomatic impregnations in marble
both the right and left bank contact zones of the massif,

Diopside-serpentine veins are found along Vostochnyy Creek 10 meters from
the contact with the traps, The bodies of iron metasomatic ores correspond
to those in the southern contact of the Anakit intrusion,

Cuspidine

This mineral forms a scattered impregnation in the spurrite-merwinite
marbles, The thickness of the contact zones in which it is encountered is
10 - 15 meters,

The composition of cuspidine is - 0%31207(?; OH),. It crystallizes into
monoclinic systems, Forms amall (1-3 mm in cross section) or fine (0,01-1 mm)
irregular or rounded grains which, for the most part,‘ replace the previously
formed silicates of calcium: spurrite, tilleyite, and others, In some in-
stances, as we have already indicated, cuspidine forms thin metasomatic pro-
jections around the wollastonite pseudomorphoses according to the silicilate
concretions (cf, Figs, 10, 11). In those cases cuspidine is represented in the
form of irregular grains under 2 mm in size.

Color white, glassy luster, hardness 5, specific gravity 2,9, perfect
cleavage along (001), plane of visual axes parallel to (010), axis Nm coin-
cides with [010], angle oNg = 6°, Mineral bi-axial, positive, 2V = 68°, r> v.
Index of refraction of mineral is as follows: Ng = 1,606 + 0.003; Np = 1,594
+ 0,003; Ng - Np = 0,012, Twinning is not very characteristic of the mineral,

Simple twimning; edge and axial twimning; plane of intergrowth (001).
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The orientation of the optical indicatrix with respect to the pole of
cleavage (001) and the twinning axis, after measurement on the universal Fedo-
rov stage, was as follows:

Cleavage along (001), ~ Twinning axis [100]

twinning plane of intergrowth,
twimming axis (in the case of

the face law)
Ng=6° . Ng=84o
yw”‘:gu“ - . Nm =90
B Np::g{" : . U Np—ep

The interplanar distances [of‘ cuspidine determined roentgeno scopica}'.ly‘ are
given in Table 14,

In rocks cuspidine is formed after the metamorphic silicates of calcium,
replacing them, In the microphotograph given (cf, Fig, 11) it is clearly evi-
dent that tilleyite is replaced by cuspidine, forming a concentric fringe
around the wollastonite "mcleus", In other cases, when replacing the earlier
minerals there are preserved in cuspidine relict inclusions of spurrite; mer-
winite and ofhers. In latei' processes cuspidine is usually replaced completely
or partially with garnet, partially by clear andradite, as well as by aqueous
silicates of calcium, e.g., hillebrandite,

Skarns

Very characteristic and splendidly expressed metasomatic garnet, garnet-
PyroXene and pyroxene veins and lenses, in part clearly intersecting, partly
concordant with the deposit which includes metamorphic rocks, are fommed in the
western part of the block of Silurian-Ordovician rocks in contact with the
asymmetric apophysis of the Anakit massif (cf, Fig, 4), The thickness of the
veins and lenses is under 50 ecm, They frequently have distinct zonal struc-
ture and dark brown greenish coloration, The texture is banded, less often
solid, The structure is uniformly grained: medium or fine grained, Garnet
is the main mineral of skarms, Ordinarily it is represented by a grossular-
andradite variable composition, but almost clear andradite varieties of garmet
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are also encountered,

Table 14

Results of Roentgencstruc-
tural Analysis of Cuspi-

dine*
d d
I/ -—a , -_—a
n
6 3.328 4 1,992
4 3,210 3 1,924
10 2,083 |- 8 1,889
6 2,895 8 1,842
2 2,805 8 t1,735
2 2,734 2 1,576
3 | 2,568 3 1,541
3 2,493 6 1,461
2 2,357 .2 1,215
4 2,323 8 1,152
5 2,098 4 1,111
4 2,020 . 2 1,048

Photo conditions: Co -
anticathode; D = 57,3 mm;
A =1,78529 kX3 I = 11 mA;
U = 37 kV, Radiation
filtered, Correction made
in accordance with combined
graph of KC1 and chlorite,
Exposure time 20 hours.
Intensity by the ten-point
scale

* Roentgenostructural
analysis made in the roent-
genostructural analysis
laboratory of the IG and G
SO AN SSSR,

The mineral is observed in compact, mixed
masses or forms impregnations of well-rounded
small crystals (3-% mm in cross section) of

rhombo-decahedrical appearance or aggregates

. of such crystals, The predominating coloration

of garnets is brownish to yellow brown, An-
dradite is ordinarily colored dark brown,

The mineral has a glassy lustér, hardness
7, separation rarely occurs along (110). Spe-
cific gravity varies from 4,0 (andradite) to
3.8 (grossular-andradite). The mineral is
isotropic in most cases, but sometimes (very
rarely) there are anisotropic areas in the edge
portions of isotropic grains, Garnet often
discloses a zonal structure, The indexes of
refraction are as follows: N = 1,88 (an-
dradite up to ,76-1.79 (grossular-andradite)).
Roentgenostructural studies of andradite gar-
nets confirmed their relationship with the

group of minerals in question: the parameter

a in the andradites was equal to 12,040 X - 12,03 2.1)

The following admixtures of elements were found in the garmets: Ni, Co,

2
Ti, Ge, Ga, B; they were found to exist in the amount of 0,007 - 0.0001% ).

Pyroxene was second greatest in distribution (after garnet) of the minerals
in the skarn, Pyroxene often associates with garnet, but no less frequently it

1) The roentgenostructural research was made in the roentgenostructural
analysis laboratory of the IG and G SO AN SSSR,

2) The analysis was carried out in the spectral analysis room of the IG
and G SO AN SSSR,
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forms independent mineral acewmlations which contain virtually no admixtures
of garnet, Pyroxene and pyroxene garnet skarns are found mainly in the casings
of garnet metasomatic veins, Solid masses of pyroxene are colored yellowish-
brown with varying intensities and shades, depending on the amount of pyroxene,
"I‘ha more ferruginous varieties are darker in color, The color in the skarns
is zonally distributed, and this is also governed by changes in the composition
of the pyroxens in the various zones, The clearest changes in coloring are
manifested in the veined metasomatic formations in the marbles, These meta-
somatic veins have a symmeirically-striated structure with a rather strict
orientation of striation parallel to the vein boundaries, The central portions
are darker than the edge portions,

The structure of the pyroxene skarns is medium to fine irregularly grained,
In observations of thin sections, it appears that the skarns are parallel-pris-
matic and sheath-shaped or radially-prismatic in structure due to the orienta-
tion of the primmstic and columnar individual crystals of pyroxene and its
aggregates. The mineral composition is not consistent: the pyroxene of skarns
is an intermediate variety of diopside-hedenbergite series (sahlites), The
content of hedenbergite changes from 20-25¢ to 60-65%,

Some of the later products among the skarns are magnetite, serpentine,
chlorite, actinolite, epidote, hematite, quarts, sulphides of copper and iron,
calcite, iron hydroxide and others, The veinlets of epidote or actinolite-
epidote composition sometimes oecnpy the central portion of the metasomatic
skarn lenses or veinlets assoclating with the hydrothermal calcite, zeolites

and quartz,

Individual isolated spots of garnet or garnet pyroxene skarns and skarned
limestones are found rather far from the contact with the trappean massif,

Such spots or thin veined deposits and lenses with a garnet composition are

70



found 200-250 meters and farther from the western contact of the Anakit massif
in the shore outcroppings of Siluriah carbonaceous rocks, Along with garnet
one finds here epidote, hematite, chlorite, quarte, chalcopyrite and other
hydrothermal minerals., Diopside-serpentine metasomatic veins, as we have al-
ready indicated, are found in rocky indigenous outcorppings in the valley of
Vostochnyy Creek, approximately 150 meters from the point where it falls into
the iowar ‘hmguskn River, Th§ veins occur in a deposit of dolomitic marls
with layers of calcareous dolomite and calcareous aleurolytes 10 meters from
the thick intersecting dike body ~ the apophyses of the Anakit massif,

The veins are 5 - 15 cm in thickness, They have indistinct, gradual con-
tacts with inclosing rocks and stand out mainly through their darker brownish
color. The texture is compact or indefinitely striated, The structure is fine
grained and the grains are not uniform, Composition: pyroxene (diopside),
serpentine, calcite, |

Table 15

Chemical Composition of Diopside-Serpentine Rock

~ys P
$i0, | Ti0,| ALO, [Fe,0)| Fe0 |31n0] Mgo | C20 |na.0] K, of ,0 1Other] Total

rock with admixture : hone ’ i
of caleite 47,11}0,05! 0,%82,68/0, 980,24]19,47(20, 33lwax={0,05] — |8,25[100,05

Pyroxene is the main mineral component of .the» rock, making up 80 - 100%
of its total volume, It forms small grains in aggregates of xenomorphic-
granular structure or larger (up to 3 mm) idiomorphie, well bounded prismatic
crystals associating with fibrous serpentine, In its properties diopside is
similar to diopside of the skarns; its Debayegram is practically identical
with that of standard diopside [31]1) . The chemical composition of diopside-
serpentine rocks is given in Table 15, The sample described, apparently, is

1) The roentgenostructural analysis was made in the roentgenostructural
analysis laboratory of the IG and G SO AN SSSR,
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formed in the selective displacement of thin dolomitiec horizons of sedimentary
strata,
Iron Mineralization

Iron mineralization is the Anakit River region has been kmown since 1931
when the L, M._ Shorokhov expedition established three outcroppings of magnetic
ores along the shore exposures of the Lower Tunguska River several kilometers
sbove the mouth of the Anakit River. |

The bodies of magnetic ores exposed‘o'n the surface in this srea are spa-
tially confined to the sourthern contact of the Anakit trappean massif (left
bank of the Lower Tunguska),

The mineralization is localized in contact with the traps among the en-
closing metamorphosed and skarned limestones and dolomitic marls, limestones,
aleurolites and sandstones of the Silurian and Ordovician Periods. The ore
bodiesfare disposed parallelly to the contact and are vein-like in appearance;
they are not over 2 meters in thickness,

The zone of contact metamorphism in the points of localization of ore
bodies encompasses the exocontact zone that is 3 to 5 meters wide., The en-
closing rocks are the forsterite calciphyres, hornfels, and marbles, The
skarning in places of ferro-mineralization is not very significant, consisting
of thin lenses, patches and scattered mineralizations of garnet. Garnet-brown
andradite (index of refraction 1,88) is found as single grains or aggregates
of fine weakly zonal grains, The =ize of individual crystals of the minersl
(and grains) is under a tenth of a millimeter,

Soon after the formation of garnet, there is formed a magnetite (magnesio-
ferriting) mineralization of iron, The general spatial confinement of ore
bodies to the contact of traps with the carbonate rocks, the presence of tex-

tures and structures pointing to the process of replacement leads us to conclude
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that it is a contact-metasomatic method of ore formation, The ores are patchy
with sections of massive texture, The patchy texture is formed by the replace-
ment of magnetite of carbonate minerals and small grains of forsterite in for-
sterite marbles, Large grains of forsterite are preserved, in the replacement
process, and somewhat later, during serpentinization, they are converted into
a lamelliform aggregate of serpentinite, The n#ssive ores appear on the re-
placement of non-forsterite marbles and hornfels, Impregnated ores are charac-
teristic of marginal portions of ore bodies and are spatlally associated with
the veined, lens-shaped magnetite isolations, The frequently observed textural
non-uniformity of ores is probably related to the displacement by magnetite of
the tectonically deformed and disintegrated rocks,

This conclusion is supported by the presence of pre-ore zones of disinte-
gration beyond t he limits of the ore bodies and by the cementation of the ore
mass of fragments of enclosing hornfels with the formation of brecciaform tex-
tures,

In massive and patchy ores there are dispersed, irregularly grained struc-
tures, The mineral grains vary in size from hundredth of a millimeter to 2 mm
or more, Morphologically the magnetite is usually seen as irregular isometric
grains, forming aggregates of xenomorphic gramlar structure, Hypidiomorphic
granuilar structures are less frequently observed, The impregnated grains are
jdiomorphic in appearance, Microzonality is not characteristic of magnetite:
in all the samples studied its grains were ch;mcterizad by uniformity, On the
boundary with the r’ma,d gmins of the non-replaced (relict) forsterite the
magnetite is usually micrograrrular; intruding here and there into the peri-
pheral portions of its grains through very fine cracks., Among ores which meta-
somatically replaced the carbonate rocks we find in places micrograined (in-
cluding cryptocrystalline) aggregates of magnetite with indefinitely expressed

colloform structure,
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Iron mineralization took place during one stage of mineralization because
only one generation of magnetite is generally present, This circumstance was
clearly demonstrated in field investigations and was ultimately confirmed in a
microscopic study of slides and polished sections,

It is obvious from Table 16 that, insofar as the chemical composition is
concerned, the mineral is a magnesioferrite. This conclusion is convineingly
supported by the results of a roentgenostructural analysis of magnesioferrite
powders caleined at 800-850°C. As a result of the calcination the mineral
breaks down into two phases: magnesioferrite and hemaﬁitite which makes it
possible to classify it with complete unambiguity, The first such study of
the Anakit magnomagnetite was carried out by N. V, Pavlov and M, T. Yanchenko
[ and repeated ty us®).

Table 16

Chemical Composition of Anekit Magnesioferrite (percentile weight)

$i0, | ALO, | Fe,0,| FeO | Tio, | ca0 | ¥30 | Mmno | TOTAL
. ,
Hagnomagnetite ol el mel o | - Tos o 93,60
Magnomagnetite** 10,101 1,79 | 68,11] 23,49} 0,38 | 1,00 {5.30 ] 0,26 | 100,42

* Analysis made in the chemical analysis laboratory of IG and
G SO AN SSSR,

*+ Analysis derived from study [39] by N. V. Pavlov and M. T.

Yanchenko.

The presence in the chemical analyses (of, Table 16) of Ti0,, MrO and, in
part, A1203 is apparently tied in with the isomorphic entry of the given com-
ponents into the makeup of magnesioferrite. |

The somewhat increased content of Fe203 in analysis 1 is explained by the

admixture of hematite, whereas the admixture of Ca0 in analysis 2 can be

1) The roentgenostructural analysis was carried out in the roentgeno-
structural analysis laboratory of IG and G AN SSSR,
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explained by the presence in the analyzed material of an insignificant admixture
of non-metalliferous minerals,

The spectral analysisl)

indicates the presence in the mineral of vanadium
and barimm in the amounts of 0,003 - 0,007%, All of these elements, like zinc,
whose content according to spectroscopical data is equal to 0,1 - 0.2%, are
also isomorphic admixtures, | ;

The content of K1,0, in the Anakit magnesioferrites varies greatly (cf.
Table 16). This circumstance cammot be explained entirely by the presence of
mineral mechanical admixtures: the only alumina-containing mineral in the ores
is serpentine-serpophyte in which the content of A1,0, is 2.5% (in percentile
weight), but the assumption about the presence in the samples of serpentine
analyzed is contradicted by the insignificant content of SIO, (analysis 2),
Thus, a great portion of the slumina goes into the crystallic structure of the
magnesioferrites as an isomorphic admixture as in other magnesioferrite de-
posits of the Siberian platform [2,38].

The crystallochemical formla of the Anakit magnesioferrite computed in
accordance with analysis data 2 (without Ca0) is as follows:

(FedoiAlg): O, - (Fed:iMgiaTiga) O.

Serpentine is the second most abundant mineral component in the ores, It
varies in amount from 5 to 20%, and in the marginal portions of ore bodies it
is as much as 85%, Serpentine develops after the formation of magnesioferrite,
Serpentins develops intensively due to forsterite, oftentime repla¢cing it wholly,
Magnesioferrite is practically not replaceable by serpentine; in only exception-
al cases do we find thin serpentine veins in the grains of the ore mineral,
Outside the limits of the ore bodies and in contacts with traps there is strong
serpentinization of marbles and marmorized limestones and dolomites, Replace-

ment of carbonate minerals also occurs in the selvages of serpentine veins

1) The analyses were carried out in the spectral analysis laboratory of
IG and G CO AN S5SSR,
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intersecting the enclosing the carbonate rocks. Diopside hornfels are not
greatly subject to serpentinization,

Serpentine, in turn, is rather actively replaced by very fine-grained, im-
bricated diverse or radiate fibrous aggregate of white chlorite, which forms
powdery or wooly accumulations,

Hematite is widely distributed in ores and appears simmltaneocusly with
magnetite (magnesio-ferrite), Also encountered in the ores are impregnations
of apatite, pyrite, and chalcopyrite. The percentile content of sulfides of
copper and iron in the ores is very small (under 0,5% by volume), Bornite,
chalcocite, and covellite are developed through chalcopyrite, Among other
products of hydrothermal activity deserving notice are ferric epidite, actino-
lite, zeolite, calcite, and others,

A special article by the au‘f.hor is devoted to a more detailed description
of mineralization, |

C. Post-Skarn Hydrothermal Stage

Minerals formed as a result of hydrothermal activity are formed after the
minerals of the metasomatic stage, a fact that is supported through studies of
structure and texture. The deposits of hydrothermal products are subjected,
in most cases, to a definite structural control, forming veins, veinlets, small
lenses or impregnations within limits sections, The minerals of this stage
are deposited both in exocontact and endocontact rocks, but the main portion
of hydrothermal prc;dncts is formed in the skarned portions of the rock, The
area of distribution of hydrothermal activitj is quite large: individual hy-
drothermal veins were found in the enclosing rocks at distances of up to 300
meters from the car;t.act of the trappean massif, The intensity of hydrothermal
action varies, The rocks subjected to the greatest hydrothermal processing are

those of the exo- and endocontacts of the left bank portion of the Anakit .



massif in which the processes of actinolitization, choritization, serpentiniza-
tion and others are most intensively manifested, The processes of actinoliti-
zation are also strongly manifested in erupted rocks, especially in those sec-
tions where we find developed the dolerite-pegmatites and granophyres, Farther
down we offer a brief description of minerals in the hydrothermal stage, par-
ticularly in the gzone of exocontacts,

Sulphide hydrothernal minerals are represented by chalcopyrite and pyrite
which are most often encountered in associations with iron ores and skarns,
Ordinarily, they form irregular grains in the form of impregnations of veined
outcroppings., In aggregates the xenomorphic-gramular structures are typical;
in the calcites or calcite-epidotic veins we find rather large (1-5 sm in cross
section) idiomorphic grains, In drusy cavities we observed together with the
calcite octahedric grains of chalcopyrite with dimensions of up to 1 em, Py-
rite is also encountered in drusy voids and in limestones, forming idiomorphic
cubic crystals, In those cases, howsver, where the pyrite and chalcopyrite are
encountered together it can be established that the purite is an earlier mineral
and is replaced by chalcopyrite,

Hematite is virtually not encountered as a product of hydrothermal change
of magnetite (martite)., Ordinarily, it is formed almost simul taneously with
magnetite (magnesioferrite) as indicated by the absence of signs of replacement
and corrosion between the minerals as well as by the approximately similar de-
gree of idiomorphism,

Hydrothermal hematite forms fine-grained or powdery masses of reddish color
in assoclations with epidote and calcite; these masses, which are small zoned
(20-30 cm), are distributed in marmorized and skarned limestones, conforming
with the over-all strike of enveloping sedimentary strata, Hematite is encoun-

tered in the form of small tablets or radiate-fibrous microscopic aggregates,



Its amount in rocks of these zones is rather considerable and reaches ko-60%
in volume,  Within these iones there are sections that are more or less rich
in hematite, right down to those that are without hematite, consisting of re-
crystallized, hydrothermal calcite, ,

Hematite is encountered in relativeiy sniall‘ amounts in the actinolitized
sections of rocks and in amphibolizod gabbro-dolerites in t.he fom of small
scaly a.ggrega‘hes and individual microscopic platelets,

Quartz, as we have already mentioned, is present in exocontact rocks in
the form of relict fragmented grains of the terrigenous fraction of sandstones,
etec, With it is hydrothermal quartz, which forms veins, veinlets, pocketed-
streaked isolations or impregnations in various rocks: skarns, hornfels, marbles,
and others, The mineral usually associates with chlorite, calcite, epidote,
prehrite, actinolite |

The very uniquely thick horizon of grainy gray quartz is disposed in con-
tact with ‘the trappesn. apophyse on the right bank of the Lower Tunguska River,
not far from the sanidinite-phlogopyte hornfels (cf, Fig. 4), This quartz hori-
zon is about 12 meters thick, It occupies the extreme eastern position in the
block of Silurian-Ordovician metamorphic rocks in the region of the incurrent
canal of the Anakit intrusion.

The horizon is streaky in formation and conforms with the mode of occurrence
of the adjacent striated hornfels, The quartz is fine- to medium-grained and
forms irregular or coarsely prismatic grains. Also encountered are portions
contained granoblastic structures, Quartz associates with finely squamo sed
chlorite which often forms radiate fibrous and spherolitic aggregates and is
rich in many solid, fluid and gaseous inclusions,

The formation of this quartz horizon apparently occurred due to the layer

of quartz sandstones in the Ordovician stratum as a result of intensive
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hydrothermal processes which led to the re-deposition of the silicate mineral.
The formation of the quartz occurred within a broad interval of temperatures
from 600 to 150° (determined from curves for the visual determination of tem-
peratures of homogenization according to the correlation of phases [13]). The
main mass of the quartz has a high temperature characteristic, judging from
the abundance of gaseous envelopmsnts, but its deposition occurred at lower
temperatures also. Also characteristic is the fact that in redeposition the
siliceous substance reacted strongly on the surrounding hornfels rocks; this
is indicated by the replacement by the hydrothermal grainy quartz of the
plagioclase-diopside hornfels, and by signs of corrosion and disintegration,

Calecite as 2 hydrothermal mineral is very widely developed and is a pro-
duct of the mobilization and redeposition by hydrothermal solutions of the
soluble substances of sedimentary carbonaceous rocks, It forms thin sections
of veins in associations with hydrosilicates of ctlcium; quartg, hydrothermal
wollastonite, serpentine, hematite and other minerals, It is also encountered
in skarns, ores and hornfels, in the form of carbonization sections, or small
lens-shaped isolations of a coarse grained structure together with sulphides,
chlorite, and epidote,

Encountered as a scarce, scattered impregnation in magnesio ferrite ores
is apatite, which forms short, prismatic or long prismatic, white, rose or gray
idiomorphic crystals, which are 1 - 2 mm long, The indexes of refraction of
the mineral are: MNm = 1.636 + 0,003 Np = 1.632 + 0,003; Nm - Np = 0,004, Tt
corresponds to fluor-apatite,

Hillebrandite -- CaZSiOu » H;0, The mineral was first found in the Soviet
Union, It forms.fibrous aggregates or sparse, thin intersecting veins in spur-
rite-merwinite marbles, or it replaces wollastonite, Very often it forms radiate

fibrous aggregates (Fig, 20), or it is encountered in elongated fibrous grains
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Fig. 20, Radiate aggregates of hillebrandite enveloping calcite and
wollastonite,

up to 3 mm in dimension, The color is white or light yellow, In solid aggre-
gates the mineral forms porcelainous masses, Specific gravity 2.8 (with a
small admixture of mllastoniﬁe)‘.

The optic axial plane coincides with (010), Ng coincides with [001] (the
mineral crystallizes in a rhombic system (9.97). 2V = -55°, r< v. The in-
dexes of refraction are Ng = 1,616 + 0,003; Np = 1,608 + 0.003; Ng - Np =
0.008. Customary are blue anomalous interferential colors, Elongation posi-
tive,

The interplanar distances of hillebrandite are given in Table 17, Spec-
trophotometrical measurements in the infrared region gave a spectrum of ab-
sorption similar to the spectrum of standard hillebrandite. The presence of
hydrogen association in the region of 3,600 ! supports the presence of water
entering in the crystallic grid of the minerall), The mineral associates with
hydrothermmal caleite, wollastonite and axinite, Hillebrandite is a product of

1) Studies made in the IG and G SO AN SSSR,



the disintegration of spurrite, tilleyite or wollastonite. In some instances

it completely replaces wollastonite pseudomorphs through silicilite concre-

tions (wollastonite "nuclei"), forming thereby "secondary” pseudomorphisms

which are characterized by a whitish color and dense structure.

In some intersecting veins (1-2 mm thick) in marbles the larnite-

merwinite-spurrite subfacies is found in associations with hydrothermal

calcite mineral similar to hillebrandite but differing from it in its indexes

of refraction, double refraction, and other respects. This mineral forms

parallel fibrous or matted fibrous aggregates, as well as radiate fibrous

and sheaf-like growths. Individual fibres are not over 0.3 mm in size. The

veins of this mineral were also found in non-metamorphosed limestones rather

far from the contact of the Anakit massif (110-150 meters) where it forms

monomineral streaky accumulations (without admixtures of calcite).

Table 17

Results of Roentgenostruc{yral
Analysis of Hillebrandite

d l d
7 —« 7 —

n n
3 | 3,488 1 1,868
3 3,286 5 1,815
2. 3,229 6 1,750
10 3,030 1 1,680
1 2,823 1 1,651
3 2,720 1 1,620
4 2,466 6 1,598
4 2,284 3 1,526
5 | 20160 1 | 1467
1 2,010 3 1,456
1 1,966 ° 6 1,360
3 1 10210

Conditions exposure: Co - anticathode;
D =57.3 mm;x&s= 1.78529 kX; I = 11lmA;
U = 37 kV. Radiation filtered. Correc-
tions made according to combined graph
of KC1 and chlorite. Exposure time 19
hours. Intensity according to 10-point
scale.

structural analysis laboratory of IG
and G, SO AN SSR.

Table 18

Results of Roentgenostructugal
Analysis of Hillebrandite !

d
7 —1 7 —a
n n

33 3,42 44 1,631
23 3,29 9 1,572
34 2,92 21 1,535
54 2,73 48 1,508
67 2,55 36 1,431
15 2,38 17 1,413
21 2,15 13 1,354
19 2,05 19 1,321
30 1,983 1 1,265 -
23 1,684 ‘

Ssnditions exposure: CU - anticathode;
=1.537 kX; I=10 mA; U=35 kV.
Radiation filtered. Exposure made on
URS-50 i diffractometer.

i

Results were obtained by a roentgeno-
structural analysis laboratory of IG

and G, SO AN SSR.



The indexes of refraction of the mineral are: Ng = 1.538 + .003;
Np = 1.528 + .003; Ng - Np = .009 - .012. Direct extinction (pryamoye-
ugasaniye) is a characteristic feature. Elongation coincides with Ng, axis
Np is perpendicular to cleavage (perfect cleavage). Specific gravity 2.4.
Possibly the mineral is a gyrolite with the mixture: CaA(OH)QS%OlsJHzO /97.

Sphene is a rather widely distributed mineral, especially in hornfels
rocks in thé contact zones of the Anakit massif. It sometimes forms rather
large (up to 1 cm in length) lengthy prismatic crystals; however, more
frequently it is encountered as irregular or coarsely'isdmmetric grains not
over 2 mm in size. The grains are often sinuous or have circular boundaries.
Color brown or reddish. Ordinarily shows marked pleochroisms from reddish
(Ng) to colorless (Np). The mineral forms scattered impregnations in horn-
fels, associating with hydrothermal quartz, prehnite, epidote and chlerite.

Sphene is found also in erupted rocks: granophyres, dolerite-pegmatites,
and hybrid rocks, tqgether with actinolite, quartz, and others.

Axenite forms flat, wedge-shaped crystals or plate-like aggregates in
hydrothermal veins together with calcite, hillebrandite, zeolite, and others.

The mineral is white, light gray, or yellowish in color and has a
glassy luster. Hardness 7. Has perfect cleavage along (100) and imperfect
along (001). Specific gravity 3.3; mineral optically negative. 2V = 70°,
r{v. Indexes of refraction: Ng = 1.685 + 0.003; Np = 1.668 + .003; Ng - Np
= .015 ~ .018. Wavy extinction is characteristic.

The interplanar distances of axinite are given in Table 18. Hydrothermal
wollastonite‘has limited distribution forming columnar and tablet formed
grains in association with hellebrandite and calcite.

Actinolite is a rather widely distributed mineral encountered in con-

siderable quantities both in eruptions and in contact-metamorphosed hydrothermal
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‘changes of rocks. It forms dense masses or together with other minerals it
is found in veins and veinlets, as well as in pockety segregations.

Ordinarily dark green in color. The grains afe long prismatic, needle-
like, hairlike, as well as radlate, columnar or felt-like accumulations.

The indexes of refraction are variable: Ng = 1.66 - 1.68; Np = 1.64 - 1.66.
(Sometimes we encounter minerals with higher indexes of refraction: Ng =
1.706 + .003; Np = 1.682 + .003; Kg - Np = 0.024). The angle cNg = 14 - 18°,
2V = - T2°. The varieties with high indexes of refraction are transitional
to ferroactinolite (EV = - 80°) and radiate hornfels. Pleochroism with
blueish-green coloring along Ng and light yellow along Np is characteristic.

In some skarns we find sections which are made up of prismatic grains
of radiate hornfels of the hastingsite variety (Ng = 1.72, N¥p = 1.70).
Amphiboles of the hydrothermal stage associate with various minerals: epidote,
prehnite, chlorite, hematite, ¢uartz, zeolites, etc. Here and there, along
with them earlier minerals of the skarn stage are found including garnets,
pyroxenes, and magnetite.

Epidote usually forms veins and veinlets or impregnations of fine grains.
Crystals of this metal are columnar in appearance; in aggregates they are
irregular, isometric grains. It is found in small druses with calecite and
sulphides. The mineral associates with quartz, hematite, prehnite, calcite
and sphene.

Color of epidote is green to dark green. Indexes of refraction are:

Ng = 1.771L + .003; Np = 1.737 + .003; Ng - Np = 0.034. 2V = - 72°. Charac-
teristic is a strong pleochroism from yellowish green to colorless. In its
optical properties epidote is close to pistacite. However, there have been
found less ferrous varieties of this mineral: Ng = 1.750 + .003; Np = 1.723

+ .003; Ng - Np = 0.027. Less ferrous varieties of epidote associate with
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quartz, calcite, prehnite, and the like whereas pistacite is found together
with actinolite among hydrothermally changed pyroxene-garnet skarns.

Well developed in the rocks of the exocontacts is prehnite. This
mineral forms veins or rather extensive sections of prehnitixation. It is
most often found in the hornfels and in erupted rocks, especially in hybrid
shonkinites and dolerite-pegmatites. It replaces the feldspars intensively
forming radiate fibrous aggregates br tabular irregular grains. In veins
prehnite forms lamelliform aggregates. Color white or yellow. Clear
cleavage along (001). Elongation negative. 2V = + 68°. Indexes of refrac-
tion: Ng = 1.645 + .003; Np = 1.617 + . 003; Ng - Np = 0.028. Frequently
found together with epidote, calcite, quartz, amphiboles, and sphene.

Several varieties of chlorites are formed as a result of hydrothermal
activity. The chlorites are one of the latest mineral formations replacing
the amphiboles, serpentines and others. They are eﬁcountered in finely
squamate aggregates, radiate fibrous growths, spherolites, dense flaky masses,
etc. The composition and optical properties of chlorites are subject to
marked variations. The color changes from white to dark green, almost black.
The indexes of refraction change from Nm = 1.58 to Nm = 1.63. Double refrac-
tion amounts to 0.007 - 0.010.

The least ferruginous variety, apparently, is the white or light yellow
chlorite which replaces serpentine and forms powdery or cotton-like tangled
fibrous aggregates. From the optical properties and roentgenogram (Table 19,
sample 1) it corresponds to the intermediate variety in the series of pennine
clinochlores (similar to leichtenbergite): Ng = 1.582 + .002; Np = 1.575 + .002;
Ng - Np = 0.007. Direct extinction in the mineral with negative elongation.

Magnesial~-ferruginous chlorite, dark green in color is found in sphero-
litic aggregates with quartz within the confines of the previously mentioned

hydrothermally processed horizon of quarts sandstones. Indexes of refraction




are: Ng = 1.629 + .003; Np = 1.624 + .003; Ng - Np = 0.005 - 0.007. The
interplanar distances of this chlorite are given in Table 19, sample 2.
Some varieties of chlorite with indexes of refraction on Nm from 1.610 to
1.590 were encountered in skarns, veins, pocketed veinlet formations in
associations with actinolite, quartz, calcite, and epidote. Chlorite in
fibrous aggregates often forms impregnations, recesses and veinlets in horn-
fels with quartz, sphene, epidote, and prehnite. Chlorite develops inten-
sively in pyroxenes of erupted rocks (ferrogabbro, dolerite-pegmatites), as
well as in the previously formed amphiboles.

Seggentine'usuall‘y forms margins 5-10 cm thick (sometimes up to 2.5 m.)
in contacts with traps. Sometimes it forms metasomatic veins together with
diopside or without it. It is rather widely distributed in magnesioferrite
ores and is formed during the replacement of forsterite.

Table 19

Results of the Roentgenostructural Analysis of Chlorites 1)

Sample 1 Sample 2

d d

I = o I = of

10 7.55 10 13,84
8 4,74 10 as. 7,03
9 3.64 6 4,68
2 2,86 10 3,54
9 2,56 S 2,83
8 2,46 3 2,65
5 2,27 7 2,52
4 2,09 6 2,40
7 2.01 1 2,23
2 1,883 1 1.£6
2 1,828 1 1,663
4 1,562 8 1,543
9 1,535 3 1.517
5 1,394 1 1,472
5 1,318 | 1p 1,413
4 1,285 s 1 1,320

Exposure conditions: Fe -~ anticathode; D = 57.3 mm; k: 1.9320 kX;

I =11 mA; U= 37 kV. Radiation filtered. Corrections made using combined
graph of KCI and chlorite. Exposure time 15 hours. Intensity according to
ten-point scale.

1)Analysis made in the roentgenostructural laboratory of IG and G SO AN SSSR.
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Serpentine is fibrous-laminated or fibrous in structure and is greenish-
Yyellow or dark green in color. It always associates with calcite. An
incomplete chemical analysis of the monomineral fraction of serpentine showed
the presence of A1,05-- 2.5% and Fe203 (gross) up to 7.5% (percentile
weightl). The indexes of refraction of the mineral are as follows: Ng =
1.565 + 0.002; Np = 1.561 + 0.002; Ng - Np = 0.004. This mineral may be
referred to the ferruginous-aluminiferous serpophites /24, L77. Analyéis
of serpentines associating in magnesio-ferrite ores in the contact of the
Anakit maésif was given in a paper by N, V. Pavlov [3§7. Conversion of the
analysis into a crystallo-chemical formula gave the following results:

(Sis,ssA‘o,47__)4—,00 [(Alo,lsTio,o7Fe<{fg+)0,33 Mgs.ele0 - (OH);,g.- Ou;-
Hence, this mineral is classed with the serpentino-chlorites according to the
classification of D. P. Serdyuchenko /L7/.

Serpentine is usually replaced by the chlorites.

Zeolites are the latest mineral formations in the hydrothermal stage.
They are represented mainly by the calcium-sodium varieties: thomsonite and
chabasite. These are distributed mainly in the traps (dolerite-pegmatites)
subjected to hydrothermal changes. However, in individual instances they
were found in small druse hollows not far from the contact of the massif with
coarse-crystallic calcite. Thomsonite forms transparent lamelliform grains

up to 1 mm in length with the following indexes of refraction: Ng

1.522 +
.003; Np = 1.510 + .003; g - Np = 0.020. Optically positive; 2V = 53°.
Visual plane axis perpendicular to elongation. Chabasite forms white, cubiec
shaped crystals. Their dimension does not exceed 2 mm. The indexes of

refraction are: Ng = 1.490 + .003; Nm = 1.487 + .003; Ng - Bm = .003 - .00k,

1) Analysis made in the chemical-analytical laboratory of IG and G SO AN SSSR.
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Minerals of the Hypergene stage are extremely limited in distribution.

They are represented by chalcocite, covellite, and bornite which replace
chalcopyrite as veinlets. Idikewise associating with them are malachite and
azurite which form thin sinter incrustations and earthy aggregates along
cracks in the limestones. In the msgnesioferrite ores and in hornfels rocks
one finds earthy accumulations of limonite. Limonite also replaces pyrite
and pyrrhotite, forming pseudomorphs in these minerals.

V. CONDITIONS FOR THE FORMATION OF EXOCONTACT ZONE ROCKS

IN THE ANAKIT MASSIF

The complex of contact metamorphogenic minerals formed near the incur-
rent canal of the Anakit trappean intrusion is typical and a very character-
istic example of high temperature mineral associations of larnite-merwinite-
spurrite subfacies of the sanidinite facies of metamorphism. The minerals
in this subfacies slow up at very high temperatures (maximum for contact
metamorphism) and low pressures (ordinarily minimal).

Tridymite, as we know, can form outside the limits of its stability field
in the recrystallization of glass, but in contact-metamorphic processes the
formation of this mineral occurs within the region of its stability, i.e., at
temperatures in excess of 8'701o which gives, thus, a lower limit of.tempera-
ture of metamorphism for atmospheric conditions. This limit should be in-
creased to 95000 (Pig.21) for pressures of the order of 350 atmospheres
(according to Ostrovskiy, Mishina, and Povilaytis [3221 whichvcorresponds
approximately to a depth of about 1300 meters (established by the addition
of the thicknesses of Paleozoic deposits and stratified intrusive bodies of
older traps -- the Noginskiy intrusive complex -- of the area under study).
Consequently, the lower limit of temperature of the contact metamorphism in
the vicinity of the incurrent canal of the Anaskit massif, determined by the

equiponderant tridymite -- quartz curve, corresponds to 9’40-9500 C.
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‘Fig. 21. PT projection of the Fig. 22. Curves of monovariant equipon-

silica-water system /37/. derance of spurrite and tilley-
ite: - - - - equiponderant curve
Legend: a) Tridymite-crystobalite; by Harker (1959); -.-.-.- ditto
b) Tridymite-quartz; according to Harker and Tuttle
c) crystobalite-quarteg. (1957).
¢
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Through the experimental work done by Tuttle and Harker in 1957, it was

established that the reaction in the formation of spurrite
3CaCO; +- 2CaSi0; > Ca,Si,04 (COy) -- 2CO,

for a pressure of 350 atm may be carried ou’c; at temperature of not less than
1000-1020°C (Fig. 22) /[92]. Sometime later, R, I. Harker expressed doubt in
the accuracy of the limits of the spurrite (and tilleyite) fields of stability
in the 200-350 atm region, and he lowered for these pressures the lower tem-
perature limit for the synthesis of spurrite ['7}7 . According toc Harker, for
a CO, pressure of 350 atm spurrite should appear at temperatures not under
970-980°C (cf. Fig. 22). Taking into account both figures, because in a
final solution of the problem it is essential to set up additional experiments,
we can state with conviction that the lower limit for the formation of spur-

rite at a pressure of 350 atm is in the interval of 970-102000.
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The investigation of R, I. Harker conducted in 1959 showed that tilley-
ite is formed at somewhat lower temperatures than spurrite (cf. Fig.22). At
pressures of 350 atm the field of stability lies in the temperature interval
from 930 to 102000 @ . JInasemuch as tilleyite is formed in the contacts of
the Anakit massif from the spurrite in conformance with the reaction:

Ca,51,04 (COy) + CO, 2 €a;81,0:(CO;)., it can appear only if the temperature
drops below the lower limits of thé stability field of spurrite, i.e., 970-
1020°C (at a pressure of 350 atm). Consequently, the maximum temperature of
contact metamorphosis somewhat exceeded these figures because in the exocon-
tact massif not only tilleyite, but also spurrite were formed.

On the basis of these data, it can be concluded that the lower limit of
temperature of metamorphism in the exocontacts of the Anakit trappean massif
in the vicinity of the incurrent canal is approximately at 1000°C. The upper
limit of the temperature of contact metamorphism in the immediate vicinity
of the massif is determined by the temperature of the trappean magma (cf.
below).

Characterized by somewhat lower temperatures are the lower limits of
stability of monticellite and melilite. According to Tuttle and Harker, at
a pressure of 350 atm, monticellite is formed in accordance with the reaction:
2CaCO; + Mg,Si0, -+ CaMgS1,0, 2 3CaMgSiO, + 2CO0,, at temperatures not below

800-820°¢c ﬁg Akermanite, according to these authors appeast as a result

of the interaction of calcite and diopside: CaCO:-L CaMgSi.O, 7 Ca:MgSi,0, + CO,[73].

mm W 80 %0 000

—e IY

Fig. 23 - Legend: a) P, bars. Fig. 24 - Legend: a) P, atm.
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At a pressure of 350 atm, the latter reaction takes place at tempera-
tures of not less than 850°C (Fig. 24). However, these figures cannot
describe the maximum temperature of metamorphism because monticellite and
tilleyite are stable in a broad temperature interval and could form at tem-
peratures above their own lower limits of stability, i.e., at 1000°C. Their
appearance in the contact marbles is due to the composition of the original
sedimentary rocks and by no means can be regarded as a consequence of lower
temperatures of contact metamorphism. In progressive metamorphism monti-
cellite and melilite (akermanite) should appear sooner than spurrite and
other high temperature minerals like merwinite, for example, which generally
agrees with the results of observations: monticellite and melilite are some-
what eroded by later minerals (spurrite, merwinite, and others); this is not
always observed, however.

From the associations of forsterite and wollastonite in the exocontact
zone of the massif located 500-TOC meters from the incurrent canal we can
determine the temperature of metamorphism which exists in this portion of
the contact at the moment of formation of forsterite calciphyres and hornfels
rocks. The temperature of formation of wollastonite at a pressure of 350 atm
is approximately equal to 480-500° (lower temperature limit) (according to
Danielson [657). The lower temperature limit of the formation of monticel-
lite due to the interaction of forsterite and diopside, as we have already
indicated, is 800-820°C at this same pressure. However, since monticellite
is not formed and forsterite is quite stable in associations with diopside
(forsterit; is formed at pressures of 350 atm at temperatures not under hOOoi,
we can-conclude that the temperature of the exocontact intergction in this
section did not exceed 800°C. The lower limit of temperature of metamorphism
is determined from wollastonite: 480-500°C. Thus, at a distance of 500-700

meters from the incurrent canal the temperature in the contacts of the Anakit
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. trappean massif drops from 1000 to 500-800°C (we have direct contactsvin
mind).

It is interesting to note that the temperaturé in the contact of the
massif near the incurrent canal is only slightly lower than the temperature
of the trappean magma. The latter is determined by the temperature of
formation of very extensively distributed eutectic intergrowths of moneclinal
pyroxene and plagioclase. The temperature of the "dry" diopside-plagioclase
eutecti containing 584 anorthite (plagiociase of sﬁch composition is usually
found in micropegmatite intergrowths with pyroxene) is determined from the
triple diagrani of diopside-albite-anorthite /I5/ to be 1215°C. Introducing
a correction for the pressure of water vapor at 350 atm, taking into account
the data of Joder 99/, we reduce the temperature to 1160-1170°C. Then,

taking into account the content in pyroxene of 25-27% hedenbergite molecules

2000
5‘) P,6apy|

10004

- Legend: a) P, bars,
Fig. 25
and using the data of Fogt and Sobolev [Fg7 regarding the linear relationship
netween the fusion temperature of pyroxene and the amount of iron in it, wve
again lower the eutectic temperature by 70°. In summary, the eutectic tem-
perature of crystallization is 1100°. The crystallization temperature of

earlier differentiates was somewhat above this figure, while the temperature
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of crystallization of the later differentiates was lower. But as a whole,
the temperature of the trappean magma near the incurrent canal was in the
region of 1050—115000, and this determines the upper temperature limit of
contact metamorphism. Intruding as layers inside the Paleozoic stratum,
south of the incurrent canal, the magma quickly loses its heat, giving it
off to the enclosing rocks. In consequence of the intensive loss of heat
occuring during the process of movement (pressing out) of the magma in sur-
face conditions, the metamorphic action on the exocontact rocks weakens,
and this is expressed in the appearance at 700 meters from the incurrent
canal of mineral complexes of a lower temperature facies of metamorphism;
due to the profound cooling of the trappean magma in the process of intru-
sion there are two facies of contact metamorphism in the exocontact zones
of the Anakit massif: the sanidinite and pyroxene-hornfels. These facies,
which appear as a result of the same original rocks, reflect the temperature
drop along the strike of the contact of fhe trappean massif. It is testi-
mony, mainly, of the decreased amount of heat in it rather than a lowering
of the magma temperature, even though the magma temperature is also lowered.
The more important mineral paragenetic associations of pyroxene-hornfels
facies are the following. Associations with excess Si0, are not character-
istic for this facies or the sanidinite facies. Quartz, if present, is
usually a relict mineral and is not in equilibrium with other mineral
phases, with rare exceptions. Associations with an insufficiency of SiQ2
are represented by the following derivatives: 1) dolomitic marls, and 2)
calcareous and dolomitic aleurolites and sandstones. Metamorphic rocks
formed from dolomitic marls are characterized by more important associations
as: a) calcite-forsterite-diopside-phlogopyte, and b) calcite-wollastonite-
diopside. Metamorphic rocks formed from calcareous and dolomitic aleurolytes

and sandstones are characterized by the following associations: a) diopside-
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plagioclase-glossular, and b) calcite-diopside-plagioclase.

The more important mineral paragenetic associations of the sanidinite
facies are the following. In the case of hornfels rocks formed from calcar-
eous and dolomitic aleurolites and sandstones: a) wollastonite-plagioclase-
pyroxene (diopside-hedenbergite) - calcite; b) wollastonite-hedenbergite-
pyrrhotite; c¢) diopside-phlogopyte-lusite-plagioclase-quartz - (sanidite-
phlogopyte). For marbles of a larnite-merwinite-spurrite subfacies formed
from calcareous marls with a certain admixture of free silica and dolomite:
spurrite-merwinite-tilleyite-melilite (helenite-akermanite) - calcite-
pyrrhotite. The following association is characteristic of this subfacies:
wollastonite-tridymite; it is formed in the metamorphism of silicilate
concretions.

Metamorphic rocks formed from dolomitic marls and siliceous dolomites
under conditions of a larnite-merwinite-spurrite subfacies are characterized
by an association of monticellite-molilite (akermanite) - merwinite-calcite.
A1l these associations with the exception of the wollastonite-tridymite
association are formed when there is an insufficiency of 3102.

The main parageneses of high temperature hornfels rocks of a sanidinite
facies are described in Fig. 26 as two tetrahedrals at the apex of which are
the following components: Ca0 - (Mg, Fe) O - 8102 - A1203 and MgO - K;0
(+Na20) - 510, - A1,05. In the first figure there are described mainly the
paragenetic relationships with wollastonite, pyroxene, plagioclase, and
others, while in the second we have associations with alkali-bearing
minerals (containing potassium mainly). The bonding nodes between these
two artificially segretated groups of parageneses are andalusite and the Siob
peask of the tetrahedron.

Critical minerals for hornfels rocks of sanidinite facies are tridymite

and sanidine containing a certain amount of sodium. The temperature of
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1l
formation of sanidinite was, in any event, over 700°¢C ZiS, 5§7. ) A char-
acteristic peculiarity of the facies is paragenesis of hedembergite-iron-
bearing wollastonite, which was first described by Professor Tilley in

contaminated dolerite from Scot Hill, Ireland [§§7. In hornfels from

AL, And Qrr

Fig. 26. Parageneses of hornfels of sanidinite facies for exocontacts of
the Anakit massif.

contacts of the Anakit massif wollastonite, associating with hedenbergite,
contains small amounts of ferrosilite (8-9% judging from the index of
refraction), but in this case the thing that is important is the fact of
such a paragenesis testifying to its high temperature character.

Extremely interesting is the problem of andalusite which is, as we all
know, a relatively low temperature mineral, especially in conditions of
lower pressures {up to 1500 atm), and it is encountered mainly when there is
a pyroxene-hornfels facies. In the Anakit contacts it is encountered in the
hornfels of sanidinite facies of metamorphism, i.e., in rocks which formed

at somewhat higher temperatures. Ordinarily, in a sanidinite facies mullite

is formed instead of andalusite, but the former was not detected in exocontact

rocks, despite the meticulous search made. Incidentally, this discovery of

1)

In the Anakit contacts, sanidine undoubtedly was formed at higher temperatures.



andalusite in contacts with traps is not the only one; Lebedev found this
mineral in the basin of the Podkamennaya Tunguska River in associations

with minerals of sandstone tuffs /26/. However, the conditions which existed
at the time of formation of these andalusite-containing hornfels might have

been not so high in temperature as in our case.
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Fig. 27. PT-diagram of equilibrium in the Al,0 - SiQy system /15/.

Legend: a) mullite and quartz; b) sillimanite; c) disthene; d) andalusite;
e) P, kilobars.

Taking into account the data on the stability of andalusite ZiB, 5}7,
we can assume thatthis mineral is not stable in a sanidinite facies, parti-
cularly because thus far there is not enough data which might point to the
contrary.l)

Probably, in the Anakit exocontacts andalusite is preserved as a relict

mineral phase which points to lower temperatures of progressive metamorphism

1) Indisputable evidence about the stability of andalusite in a sanidinite
facies of metamorphism is the detection of interstratification of andalusite
horizons with spurrite marbles or the direct paragenetic association of
andalusite with tridymite.
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in the earlier stages of conversion of sedimentary rocks (condition of
pyroxene-hornfels faciés) because not all the quartz is converted into
tridymite. However, in this case, if andalusite is stable under conditions
of contact zones in the Anakit massif, then its stability should probably
be extended to 1000° at pressures of 350 atm. In this case, the PT diagram
of equilibrium for the A120 - Sioh system (Fig. 27), developed by Sobolov,
the area of stability of mullite will approach the axis of temperature in
the interval 700-1000°C. '

The most important paragenetic associations of marble in sanidinite
facies are shown in Figs. 28 & 29, in the lower left angles of triangles for
the paragenesis composition Ca0 - 8i0O, - A1203 and Cal - 8i0O, ~ MgO. Shown

in these triangles are certain associations of pyroxene hornfels facies.

TrQ %

Fig. 28 Fig. 29

Similar composite diagrams of paragenesis-composition were made in
1937-1940 by Korzhinskiy /21, 227; they were based partially on data
obtained from dry fusions /plavok/ by Rankin and Wright /B2/ and others.
Certain differences observed of concrete parageneses of Anakit contacts to

the diagrams made by Korzhinskiy are expressed in the presence of 002, at
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least in associations described in the diagrams. The result of this is the
appearance of parageneses with calcite instead of parageneses with corundum
and calcium aluminate and periclase (/22/, cf. Figs. 13 and 1k4).

The difference consists also in the presence of spurrite (and the
absence of larnite) and in replacing the sillimanite node with andalusite in
the CaO-SiOQ-Aleo3 triangle, and in replacing the associations of grossular-
quartz with a paragenesis of wollastonite-plagioclase, which is quite common
in hornfels rocks of exocontact zones.

The composition-paragenesis diagrams of‘CaO - A1203 - 8102 and
Ca0 - Mg0 - 3102 were used by Korzhinskiy for the "theoretical determination
of sequence in the decomposition of individual calcic compounds and minerals
in the gradual increase of Céé pressure /22, page 41/. Moreover, the co,
pressure is regarded mainly as a function of the depth (overall hydrostatic
pressure and load pressure) under relatively constant temperature conditions.
According to Korzhinskiy, carbonization of associations in the CaO-A1203-Sioe
and Ca0 - Mg0 - 5102 systems with increased depth (with an increased 002
pressure) should proceed in the direction of decreasing calcite content Zéé,
page kl7. Apparently a similar effect should occur in these systems of
composition and parageﬁesis not with an increase in the pressure (at constant
temperature), but as a consequence of a decrease in the temperature (at
relatively constant pressure). We reach this conclusion not only on the
basis of analysis of natural parsgeneses, but also in considering curves of
a monovariant equilibrium for decarbonization reactions Zéé, 70, 3§7 with a
positive slope that inclines toward the lower pressures.

In decarbonization, reactions CO, can without difficulty be removed
from the system, i.e., its mass is variable, but the chemical potential €O,
is determined strictly for each of the selected values of P and £© (given

fixed pressures the temperature will be determined and the reaction will




become stable) /36, page 100/. It means that at constant P the chemical
potential /1 002 is determined entirely by a change in the temperature.

Since f?:og and t° are related inversely, the chemical potential CO2 will
generally increase with a decrease in temperature at a constant P (if the
CO, concentration will not drop with unusual speed in the process). The
pressure and chemical potential are generally tied in by a direct relation-
ship (at relatively constant temperature). The sequence of reactions of
car_l;onization will be determined by an increase (or decrease in the case of
decarbonization) in the chemical potential K COy; as a result of this there
will be a decrease in Ca0 content in the products formed (an increase in the
case of decarbonization). Thus, on the basis of a direct analysis of the
functional relationship of the chemical potential of CO, to the intensive
factors of equilibrium [2_27 one generally can note the change in mineral
parageneses which is established when making observations of natural objects
and in experiments.

To determine the sequence of decomposition of calcite minerals with an
increase in CO, pressure, Korzhiniskiy made use of "beams" emanating from
the Ca0 angle of composition-paragenesis diagrams and which are characterized
by a constant relationship of SiOE: A1203 or 5i0, : MgO correspondingly for
each beam. This method may be applied in our case to establish the sequence
of decomposition (or synthesis) of minerals in temperature drops (or
increases) (at relatively constant pressures).

In Fig. 29 there are two rays -- L1 and L,2 -= drawn from the vertex CaO.
Following the ray from the vertex Ca0 we first run through the field of the
highest temperature associations of Anakit exocontact spurrite-merwinite-
calcite (original chemical potential of CO, at the point CaO is high enough
to effect complete carbonization of lime with the formation of calcite).

Approximately at these same temperature conditions of the contacts there is
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a merwinite—spurrite-wolla.stonite association. With the increased chemical
potential of /'%302 the beam intersects the line correspondi‘ng to the para-
genesis of wollastonite-merwinite and hits the wollastonite-merwinite-diopside
field. The association of wollastonite with diopside subsequently displaces
the paragenesis of wollastonite-merwinite, an action due to the reaction of
merwinite + CO2 ﬁ diopside + calcite; the correctness of this was estab-
lished by a mumber of investigators [52,637 . The association of diopside-
wollastonite-quartz is stable within a wide interval of temperatures and is
encountered also in pyroxene-hornfels facies of contact metamorphism.

Further extending beam Ll we reach the region of still lower temperature
parageneses where it is impossible to form wollastonite: wollastonite + 002?
calcite + quartz.

In considering beam L2 we will establish that as we draw away from the
Ca0 vertex the parasgenesis of calcite-merwinite-monticellite of the sanidinite
facies of metamorphiﬁm is replaced by the paragenesis of monticellite-
diopside-(c&lcité), and then instead of the paragenesis of monticellite-
diopside-{calcite), there appears the association of diopside-forsterite-
(calcite) in conformance with the reaction of monticellite + O, =
calcite+diopside+forsterite. The paragenesis of forsterite with diopside
are typical of the pyroxene-hornfels facies and it is unstable at high
temperatures.

We will now look at Fig. 28. In the composition-paragenesis triangle,
there is drawn the beam L from the Cal0 vertex. Utilizing this beam we shall
see that in moving from angle Ca0 we again come in contact with the higher
temperature associations of spurrite-melilite-calcite which form under
conditions of larnite-merwinite-spurrite subfacies of the sanidinite facies
of metamorphism. Corresponding to this facies is the association with the
lesser content of Ca0: spurrite-melilite-wollastonite, which cha.nges the

preceding paragenesis. As we draw further down along the beam from the Ca0
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vertex we shall see that spurrite is unstable in all associations in conform-
ance with the reaction spurrite + CO2 g::> wollastonite + .calcite. The
wollastonite-melilite-calcite reaction is stable at lower temperatures than
paragenesis with spurrite and it is formed at higher /1 002. Corresponding
to a still lower temperature is the paragenesis of wollastonite and plagio-
clase with grossular which occurs in rocks with pyroxene-hornfels facies.
Associations of helenite with grossular are not observed in the Anakit
contacts but it is possible. With a further lowering of the temperature,
wollastonite becomes unstable (its formation with the given /“ co, is impossible).
The foregoing demonstrates that with the successive lowering of tempera-
ture (increasing the /%02) there is an increase in the amount of caleite in
the parageneses until it is possible to have a paragenesis of calcite and
quartz, just as is true at high 002 pressures. The foregoing shows great
similarity to the conclusions of Korzhinskiy made by him on the basis of
studies of parageneses of abyssal facies, i.e., with the successive increase

of/LC

in carbonization (or decarbonization) is determined only by the chemical

02 with depth [2-27 . The phenomenon of change in the mineral parageneses

/A C02 in which the temperature and pressure changes are reflected.

Ca0  (ay5i0, tar woll Sio,

Fig. 30. Iegend: a) spurrite.
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Shown in Fig. 30 is a diagram of the composition and paragenesis of
the Ca0 - SiO2 - CO2 system for high metamorphism temperatures according to
Korzhinskiy. Making use, to establish the order of carbonization of calcium
silicates, of a beam passing‘through the cob vertez -- the beam is character-
ized by the constant ratio of CaO : 5102 -~ we can: note the following change
of three mineral parageneses in the increase of COé pressure of lime-CaBSiOS-
calcite, calcite-spurrite-Ca.3SiO5, spurrite-wollastonite-calecite, calcite-
wollastonite-quartz, and finally quartz-calcite /22/. This diagram in its
overall form can also be used to analyze changes in minergl associations with
temperature in the case of progressive metamorphism because it reflects the
tendency of carbonization in lowering the temperature of exocontacts. How-
ever, it does not fully illustrate the change in the parageneses in a tempera-
ture drdp in the case of regressive metamorphism. Sufficiently well described
in Fig. 31 are the associations which appear generaily in the regressive
replacement of spurrite-containing marbles. In the lowering of temperature
which accompanies an increase in the chemical potential of C02 there is a
replacement of the spurrite-wollastonite-calcite paragenesis by an associa-
tion of tilleyite-wollastonite-calcite (tilleyite replaces spurrite in
conformance with the reaction: spurrite + 002 ;;::Eftilleyite)‘and further
-~ the replacement of the paragenesis with tilleyite by the association with
scawtite (0%51308((:03)2) which, apparently is in equilibrium, under the
given conditions, with calcite and wollastonite /78, 80, 89/. In associations
with scawtite such high temperature minerals of the larnite;merwinite-spurrite
subfacies like larnite, rankinite (Ca381207) and others are presumably unstable,
i.e., it does not belong to the sanidinite facies.

Thus, from the foregoing, it appears that associations of sanidinite
facies are formed at maximum temperatures of metamorphosis and minimal values

of the chemical potential of 002 for the given conditions, whereas associations
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of pyroxene-hornfels facies appear at lower temperatures of contact metamor-

phism and higher values of F €O, .

pom o -—————

N
a) Magenne Temrepatyom

Fig. 31. Legend: a) temperature drop.
We shall briefly consider the kinetics of metamorphic reactions leading

to the formation of the sbove-mentioned associations; Metamorphogenic
minerals of high temperature parageneses are formed as a result of a series
of consecutive reactions with the presence of clay, free silica, calcite and
dolomife components. The reactions occur mainly in the solid phases, but
possibly with a certain amount in the gaseous reactions. In consequence of
very low pressures "water and other substances with high vapor pressure
which ordinarily are important in crystallization and serve as catalizers of
a reaction, are easily removed from a system and do not perform their
function" /56, page 455/ in the metamorphism of a sanidinite facies. Hence,
the chemical conversion of substances accompanied by the appearance of new
mineral phases occurs as a result of direect reactions of the hard silicates
and carbonate phases, as demonstrated by numerous experiments carried out
during the past three decades /6-8, 59/.

The most characteristic peculiarity in the reactions between hard

substances is the clearly manifested scalariform condition, and the appearance
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of numerous intermediate, metastable phases reacting with one another and
the original substances even in the more simple situations. For example, in
heating a mixture of CaCO3 and 8102 in a 1:1 ratio, there is first formed a
double calcium silicate which later combines with the metastable phases
03381207 and 0335105; not until then does CaSiO3 which appears due to earlier
compounds, begin to form /7,59/. Further, in accordance with studies by
Berezhnyy, before monticellite and merwinite is formed in the system Ca0-MgO-
Siob, there is obtained a whole series of intermediate products. Upon
synthesing these minerals, which serve an essential intermediate phase, we
get CapS5i0). Monticellite, according to Berezhnyy, forms much more quickly
than merwinite. If diopside is used as the original product for the synthesis
of monticellite, then apparently akermanite /6,7/ is formed as the inter-
mediate phase. TIn the formation of helenite or anortite from appropriate
components the original products of the reaction are binary compounds whose
action with a third oxide or with one another results in the formation of
terminal products /59/.

Multiple phases in metamorphic reactioﬂs are gpparent also in the series
of 13 reactions (stages of progressive metamorphism) of Bowen; he established
these on the basis of analysis of natural parageneses and the order of their
appearance in zonal aureoles of intrusive bodies /63/.

Another characteristic of the reactions between the hard phases is the
very limited mobility of substances taking part in the metamorphism, and
this explains the extraordinarily changeability of the composition of rocks
being formed; these fully inherit the chemic¢al composition and peculiarities
of distribution of components in the original non-metamorphosed rocks. The
speed and completeness of reactions between solid substances is deﬁermined:
1) by the speed of the diffusion of particles; 2) the speed of processes on

the boundaries of phases which leads to the destriuction of the crystallic
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| lattices of the original substances /59/.

Along with this, in the formation of metamorphic products gaseous
reactions also play an important part (with 002), especially in some
instances. It is difficult to estimate how great is the role of the gaseous
reactions in each case, but there is no question that in the formation of
carbdnate-containing silicates of calcium (spurrite, tilleyite), as well as
in the recrystallization or formation due to the exchange reaction of
calcite {in the absence of water) CO, can play a role of primary importance.
In the formation of tilleyite from spurrite there is gpparently a reaction
between the solid and gaseous phases with the appearance of a new solid
phase.

We shall cénsider the metasomatic processes occurring in the contacts
of the Anakit trappean massif.

The earliest and highest temperature metasomatic mineral is cuspidine;
we place it in this stage on the basis of its close association with garnet
and the subsequent universal formation of minerals of contact metamorphism.
The temperature for the formation of cuspidine in the Anakit contact was
probably about 500 - 700°C, because it was at these temperatures that the
mineral was recently synthesized, though at somewhat greater pressures --
1360 atm [§§7 If the stability curve of cuspidine is inclined positively
toward lower pressures then at a pressure of 350 atm the temperature of its
synthesis should not exceed 700°C. The temperature existing at the time of
formation of the garnet-pyroxene skarns were bélow the temperature of forma-
tion of cuspidine, but judging from the close space and time factors of
andradite and cuspidine they should not differ too much.

In the process of metasomatosis there was an addition to the exocontact
from the Anakit massif of such components like fluorine, water, iron, silica,

and clay. Calcium and magnesium were probably borrowed from the intruding
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rocks, as is gpparently true of a portion of the Si0,, A1203, and others.

In the formation of magnesio-ferrite the solutions removed from the
trappean massif " lren only. This is evidenced by the fact that magnetite
with a high content of magnesium cannot become crystallized from basaltic
melts even in the first stages of its crystallization because such g magne-
tite should be in equilibrium with high magnesium content olivine --
practically pure forsterite -~ and this is never attained in traps. The
highest content magnesium type of olivine which forms from the magma before
the other minerals contains 22% of fayalite molecules /h9/. Further, "in
the initial magma the magnetite molecule is virtually absent and is formed
due to a subsequent oxidizing process" [FQ, page 1l§7. The crystallizing
basaltic melt evolves toward an increase in the relative content of iron
over magnesimm. This peculiarity has been noted by several Soviet and
foreign petrographers; in the Siberian traps it was first found and explained
by Sololev /B9/. Thus, the terminal differentiates of basalts cannot contain
any noticeable amounts of magnesium, a fact which impedes the formation of
magnesial magnetite. Magnetite containing an inereased amount of magnesio-
ferrite molecules usually appears close to the surface ZT?Q7 from hydrothermal
solutions separating from trappean intrusians and having a relatively high
concentration of magnesium and iron. It is assumed that the separation of
hydrothermal solutions occurred during the lifting of the basaltic magma
from the depths to the upper portion of the plarform due to the marked drop
in external pressure / 2/. Without contradicting such a possibility for the
Angaro-Tlimsk, Ilimpeysk and certain other deposits of the Siberian platform,
we will note that the intrusive source is not the only one from which solu-
tions with a high concentration of magnesium are possible. Apparently, the
magnesio-ferrite ores formed in the exocontacts of the Anakit massif by

displacing forsterite calciphyres, diopside hornfels, etc., under conditions
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of oxidation and sufficiently high temperatures appeared during the process
of replacing magnesium from the enveloping rocks. The oxidation conditions
make it favorable to oxidize FeD into Fe,0q with the simultaneous replacement
of the deficient amount of iron oxide by magnesium oxide /%, 38/, which is

a part of the lattice of magnetite. The formation of hematite occurs
simultaneocusly with magnesio-ferrite.

The abundant development of serpentine in magnesio-ferrite ores also
points to the high quantity of magnesium in the réplacement rocks. Serpentine
is formed in situ because of forsterite and other magnesium-containing
minerals; in the formation of diopside-serpentine metasomatic veins it
replaces dolomite.

The most interesting products of hydrothermal activity are epidote and
the aqueous silicates of calcium. The presence of epidote testifies to the
relatively great depth of formation of the Anakit massif compared with the
traps of the surrounding region /B9/. However, such abyssophobic minerals
like spurrite, cuspidine, hellebrandite, gyrolite and others undoubtedly
point to the fact that the formation of metamorphie rocks in the exocontacts
of the Anakit massif has occurred at a shallow depth. Apparently, the
contact zones of this mass, if are one of several instances where it was
possible from the standpoint of pressure for a complex of rocks to form of
the sanidinite facies of metamorphism and epidote. This circumstance is
supported by the previously cited computations to the effect that the forma-
tion of rocks in the exocontact massif occurred at depths of 1200-1300 meters
and not in the immediate vicinity of the earth's surface. Apparently these
contact rocks are the representatives of those rare cases where the high
temperature metamorphism led to the appearance of mineral associations of
the sanidinite facies under conditions of relatively great depth (for this

facies).
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CORCLUSION

Rocks of the exocontact zones of the Anakit-differentiasted treppean
massif are characterized by their variety of minerals formed over a wide
interval of temperatures due to the processes of metamorphism, metasomatosis
and post-metasamatic hydrothermal activity (temperature in the contacts of
the massif changed fram 1000 to 100-200°C, i.e., to temperatures at which
hillebrandite and hyrolite were formed according to Toropova, Nikogosyan,
Mcheddov-Petrosyan, and others [53,57396 and other_§7 . In the contacts there
appears a whole series of interesting mineral associations, but the most
important from the theoretical point of view is the complex of calcium
minerals of the larnite-merwinite-spurrite subfacies of metamorphism. 1In
connection with this it is interesting to consider the question under what
conditions on the Siberian platform in the contact limesténes with traps can
this subfacies sppear. The first condition is the camposition of the envel-
oping rocks; this should generally correspond to marl which apparently con-
tains a certain amount of free silica (limestone rocks low in silica some-
times contain an admixture of dolcmite)l). A séc0nd necessary condition is
a high temperature in the exocontacts -- a condition produced by the proxim-
ity of the incurrent channel of the trappean body. Meeting the first condi-
tion in the Siberian platform, zpparently, are the lithological peculiarities
of the Kochumdeks formation of the Lower Silurian because in the metamorphism
of the rocks it was this formation that produced the spurrite marbles in the
contacts of the Anakit massif and, probably the mineral associations of the

larnite-merwinite-spurrite subfacies found in the Podkamennaya Tunguska

1) The admixture of dolomite is necessary in the formation of magnesium
containing high temperature metamorphogenic minerals such as merwinite,
akermanite, and others.
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River basin E_9_7 The high temperature of the exocontacts cannot be region-
ally distributed at shallow depths, hence the mineral complexes of the sani-
dinite facies should appear only in the vicinity of the incurrent channels
of trappean bodies where there is a maximum heating of the enveloping rocks
at the moment of intrusion. Thus, the most probable region for the distri-
bution of marbles of the larnite-merwinite-spurrite subfacies includes the
western edge of the Tungusska syncline (regions of the lower flow of the
Podkamennaya Tunguska, Bakhta, Lower Tunguska Rivers) where the Kochumdeks
deposits are widely developed. Not excluded, however, is the possibility of
finding similar metamorphic rocks in other parts of the su;rounding region
of the Tungusska syncline in a similar geological situation.

Of course, rocks of the larnite-merwinite-spurrite subfacies can appear
in the metamorphism of non-carbonacecus rocks also, such as the clay shales.
In that case, in order that they may properly be classed as the sanidinite
facies they should contain parageneses with tridymite, mullite, ete. The
possibility of finding such high temperature hornfels in the vicinity of the
incurrent channels of trappean bodies, agpparently is quite good, and the
Anakit region, in this sense, is no exception because the sedimentary non-
carbonaceous rocks in the Siberian platform are very widely developed.

The suthor wishes to express his deep gratitude to Academician V. S.

Sobolev for his guidance in this work.
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V. V. Reverdatto

METAMORPHISM IN THE CONTACTS OF ANAKIT TRAPPEAN MASSIF
IN THE LOW TUNGUSKA RIVER

Three stages of mineral-formation are found: metamorphic, metasomatic
and postscarn, hydrothermal stages. At the first stage the forming of two
contact-metamorphic facies takes place: sanidinite and pyroxene-hornfels
ones. The deposition of facies in the aureole of the Anakit trappean massif
is different and is conditioned by temperature and reserves quantity of heat
of magmatic melt, which in its turn depends on the distance from incurrent
canal, through which magma entered the chamber, occupied now by the intrusive.
The sanidinite facies is represented by larnite-mervinite-spurrite sub-facies.
At the further stage the formation of cuspidine, pyroxene - garnet scarns
and iron ore formation appears. At the third stage the different hydro-
thermal minerals, namely, gillebrandite and others are formed. The conclu-
sion is made about dependence of car onatization (decarbonatization)
reactions on the temperature at the constant pressure.
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